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SECTION 1

INTRODUCTION

The major goal of the research described in this report is the calculation
of electron-impact dissociation cross sections for vibrationally and rotation-
ally excited diatomic molecules. Dissociation by electron impact to form
neutral species is an important process in gas-phase electric discharges and
can significantly affect the efficiency of 1laser plasmas. Although large
populations of rotationally and vibrationally excited species exist in plasmas,
little is known either experimentally or theoretically about the dependence
of electron-impact dissociation cross sections upon the initial rovibrational
state of the diatomic molecule. The cross sections reported here are important
to the basic understanding of the dissociation process as well as for input
to modelling studies of gas-phase electric discharges.

The first task was the selection and verification of a theoretical method
that was capable of reasonably accurate predictions of cross sections for
dissociation by electron impact at relatively low collision energies. Several
methods have been previously applied to electron-impact excitation and dissocia-
tion, but none of these have studied the effects of changing the initial rota-
tional and vibrational state upon the cross sections. From these methods,
the impact parameter method was selected as the one best suited to our needs.
We extended it to treat dissociation and to include the effects of vibrational
and rotational motion. The method was verified by application to transitions
in the Hy molecule for which experimental results were available for comparison.

The impact parameter method was then applied to transitions in the 0y,
S5, HCl, and HgBr molecules for electron translational energies in the range

from threshold to 25 eV. First, a survey was made of the dependence of the




cross sections on initial vibrational state., For these studies the rotational
degrees of freedom were treated as being degenerate. Cross sections were
computed for initial vibrational states u = 0, 1, and 2 for Ozand HCl and
for v, = 0 to 4 for S2 and HgBr. Then a survey was made of the dependence of
the cross sections on initial rotational state for various initial vibrational
states. Cross sections were computed for a distribution of initial rotational
states characterized by temperatures of 0, 300, 400, 600, and 1000 K.

The results of the calculations are summarized in Section II. This
section also provides a summary of the general trends observed in our studies
and assesses the general applicability of the calculations. The Appendices
contains manuscripts prepared for publication, which give more detailed
deécriptions of the methods employed, the calculations, and the results,
Appendix A describes the impact parameter method, our extensions to it, and
the application of the method to electronic transitions in the H, molecule.

2

Appendix B describes the electronic structure calculations for O, and 82, and

2
Appendix C presents the dynamical calculations on these molecules. Appendix D
provides a test of some of the methods by comparing our calculation of
oscillator strengths with experimental oneg for the well-studied
Schumann-Runge transition in 02. Appendix E and F present our calculations on

the HC1 and HgBr molecules, respectively, Finally, flowcharts of the computer

programs developed for the impact parameter method are provided.




SECTION 1I

SUMMARY OF WORK PERFORMED

1. The Impact Parameter Method

The impact parameter (IP) method for diatomic molecules as originally
formulated by Hazi is extended to treat dissociation and to include the effects
of vibrational and rotational excitation. In its extended form, the expresgion
for the state-to-state cross section retains the simple form obtained by Hazi;
the cross section is the product of a structural factor Sjf, which depends
upon the electronic properties of the diatomic molecules, and a dynamical
factor Dj¢(E), which depends upon the translational energy E of the incident
electron and the transition energy E. This expression has a form similar
to that for the photodissociation cross section except that the dynamical
factor replaces the factor depending on the frequency of the radiation and
the symmetry dependence in the structural factor is different. In both cases
the structural factor is proportional to the absolute oscillator strength,
which can be obtained directly from spectroscopic data or from calculations
based upon potential energy curves and the transition dipole moment. The
dynamical factor is easily evaluated in terms of modified Struve and Bessel
functions.

In the IP method, nuclear motion is treated within the adiabatic
approximation and the motion of the incident electron 1is treated as a
straight-1line classical trajectory. The probability of an electronic transition
for a fixed nuclear geometry and initial {impact parameter 1is given by
time-dependent perturbation theory, where the mnlecular electrons are perturbed

by the incident electron. In this method only the repulsive interactions

PP
St e
G S

VLT
R
el ol




treated; exchange interactions are neglected. The coulomb repulsion term
expanded in a multipole series and approximated by its asymptotic form.
} assumes that the major contributions to the cross section come from large
ict parameters. Cross sections are obtained by averaging the probabilities
r molecular orientations, nuc):ar separation, and initial impact parameters.
onzero value by is used as the lower limit in the integration over impact
ameter to avoid divergence of the cross section. The minimum impact
ameter is fitted so that the IP cross sections match those of the Born
roximation at very high translational energies.

Thus the IP method is a semiempirical theory designed to have the correct
h energy behavior. Hazi and coworkers have shown that it also gives a
ter prediction of cross sections at low energies than plane-wave methods
h as the Born approximation. Because of the neglect of electronic exchange
ween the incident and molecular electrons, the IP method is 1limited to
dies of electronic transitions which are optically allowed and it becomes
8 accurate at threshold energies.

In principle, the IP cross sections can be evaluated using experimental
a to obtain the structural factor. However, in most of the cases that
studied, this data is incomplete and does not include information about
ational-state dependence. Therefore, all of our structural factors are
culated from potential energy curves and dipole transition moment curves.

best available potential data are used: RKR (Rydberg-Klein-Rees) points
n available, otherwise the most accurate ab initio points. The transition
ole moments are taken from ab initio calculations since they are hard to
ract from experimental data. As a check on the accuracy of this input
a, we compare our computed oscillator strengths with experimental ones

n they are available.




le I. Test of the Treatment of Small Impact Parameters in the IP Method.

~IP

~1P Ao
i ) o 50 « 100%
ystem bg(ag) bolag)  Egplev) P(bg,E) P(bg,E) olP  gIP
X>B) 1.74 3.20 10 0.14 0.024  0.78 43
20 0.23 0.039  0.73 52
50 0.12 0.029  0.87 40
X1) 0.466 0.353 12 0.020 0.052  1.82 30
20 0.016 0.051  1.50 21
50 0.006 0.027  1.34 16
X+E) 0.261 0.534 12 2.05 0.37 0.81 33
20 1.32 0.31 0.90 26
50 0.52 0.13 0.92 19
X+B) 1.84 3.44 10 0.56 0.104  0.77 48
20 0.32 0.078  0.87 39
50 0.13 0.036 0.92 29
KTl 4.3(-16) 5.2(-16) 10 3(28) 2(28)  0.99 0
20 1(28) 1(28) 1.00 0
50 6(27) 4(27)  1.00 0
:x+z3z;) 4.58 6.99 10 0.004 0.001  0.90 51
20 0.007 0.001  0.77 63
50 0.006 0.002 0.96 53
L(X>A) 2.74 4.98 8 0.025 0.003  0.61 52
20 0.019 0.004  0.81 48
50 0.009 0.002  0.90 37
3r(X>A) 1.79 3.47 8 0.03 0.006  0.79 4&4
20 0.014 0.004  0.89 33
50 0.006 0.002  0.92 25

18




~IP

~y -
o by P(b,,E) (4)

bo

the BO is adjusted to make ;IP(E) agree with the BA cross section at high
energies. A measure of the importance of the region between b = 0 and EO

is then given by the ratio of ;ég to ;IP and the ratio between Sig and oIP
gives an estimate of the error in oIP(E) from the method of treating low impact
parameters. In Table 1 we present these two ratios at three energies for
several of the electronic transitions considered in this report. Also included
in the table are the two minimum impact parameters bg and gO and the values
of the opacity functions at these values of the impact parameter. The largest

~

difference between oIP and oiz is for the X to I transition in 05, but they

differ by only 80%. The contribution to oIP from 1low impact parameters is
typically between 20% and 60%, the lower values associated with small bo's
The first-order perturbation approximation is most valid when the opacity

functions are much 1less than one. Thus the IP method should be better
justified for systems in which P(BO,E) is small such as the X to T transition
in 0y, the X to 232; transition in S, the X to A tramsition in HCl, and the
X to A transition in HgBr. The X to Il transition in S8 is clearly a case

where the approximations break down.

The energetic threshold energy for dissociation (the lowest energy at
which dissociation is allowed) can be accurately computed to within 0.0l to
0.1 eV for all but the HgBr system using known spectroscopic data. The
dynamical threshold energy is defined in this work as the lowest energy at
which the cross section becomes 0.0l times its maximum value. The dynamical
threshold is determined mostly by the lowest transition energy at which the

overlap between the initial and final nuclear wavefunctions becomes appreciable.




unction is interpreted as the probability of electronic excitation for a
ranslational energy E and impact parameter b. The integral cross section

s related to the opacity function by

o(E) = 21 [~ db b P(b,E) (1)

0
nd the opacity function is bounded by one. However, in the IP method P(b,E)
liverges for small b. To avoid divergence of the integral cross section,

n the p-esent work the lower limit of integration in equation (1) is replaced

'y bg

o'P(E) = 211 [ ab b PP(b,E) (2)
bo

Jontributions to o(E) are excluded from regions where the approximations of
the theory break down and where exchange effects become important. by is
thosen so that the cross section from the IP method is the same as that from
the BA method at very high energy. To test the effects of this method for
selecting by and to estimate the possible contribution to oIP(E) from b =
) to by an alternative treatment of the low b region is tested. Instead of
18ing equation (2) which assumes the contributions to (E) from b between 0
ind bp are negligible, the probability is assumed to be constant for this

range of impact parameters and the cross section is approximated by

1P

ean [T db b e (b,E) (3)
0 .

bp

oIP(E) =g

there
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5. Error Estimates

It is difficult to obtain quantitative estimates éf the probable errors
in the IP method. The method contains several approximations and the validity
of each of these approximations is depéndent upon the specific electronic
transition being studied. To help understand the order of magnitud;'of the
errors expected we compare the IP method with the Born approximation for which
the limitations are better understood.

Both methods separate nuclear and electronic motion by the Born-Oppenheimer
(fixed-nuclei) approximaéion and this approximation is very well justified.
Both are first-order perturbation treatments and, therefore, assume that
probabilities for electronic excitation for fixed impact parameter (or orbital
angular momentum) are much less than unity. Furthermore, both methods only
treat the perturbation potential as a coulombic repulsion term and neglect
the electron exchange interaction. As pointed out by Inokutil these
approximations are valid when the translational energy of the incident electron
is much larger than the orbital energies of the molecular electrons.
Approximating the orbital energies by the lowest ionization potential for
the diatomic molecules studied here, the translational energy must be much
greater than from 9 to 13 eV. Although this condition is not met for energies
below 100-1000 eV, the BA and IP methods can predict accurate integral cross
sections to much lower energies. Typically BA cross sections are factors
of 2 to 5 times too large in the medium energy range below 50 eV.2

The limit at which the above validity criterion is met can also be reached
by increasing the orbital angular momentum (%) or the impact parameter (b).

Thus at large % or b, the BA and IP expressions for the opacity function P(b,E)

and for the large-angle differential cross section become valid. The opacity

15
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section is seen as the rotational temperature is raised from 0 to finite
temperatures. This is a symmetry effect resulting from the lack of a j =
0 state for electronic states.

The impact parameter method as described in this report is applicable
to any optically allowed transition in diatomic molecules. The applications
presented here have been to dipole allowed transitions, but the methods can

be extended to treat higher multipole transitions.
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4. General Trends

The cross sections are most strongly influenced by the overlap of the
initial vibrational wavefunction with the final wavefunction for nuclear motion
and the magnitude of the transition dipole moment. Transitions with poor
Franck-Condon overlaps for vy = 0 will generally have a large enhancement
with increasing vj whereas transitions with large Franck-Condon overlaps for
vi = 0 will generally have little dependence upon vj or will decrease with
increasing v;.

In general, the effect of changing initial rotational states is much
smaller than the effect of increasing the vibrational state. Within the IP
method, only transitions in which the rotational quantum number j changes
by +1 are allowed. Therefore, increasing jj; does not change the transition
energy appreciably and the threshold energy for excitation changes only
slightly. The main effect of increasing j; is to increase the effective poten-
tial by the centrifugal term 3j(j+1)/2uR2, The increase in the potgntial is
large for smaller R, so the potential well and the vibrational wavefunction
for a given level v; are shifted to large internuclear distances and changed
in shape slightly. However, changing j; is a small perturbation on the wave-
function cogpared to changing vy.

The two exceptions to this behavior that we observed were for the X-E
transition in 03, the X-23Z; transition in S, and X-lI transitions in general.
For small j; the X-E excitation of Oy is predominately to quasibound states
of the local well; however, as j; (and thereby jf) are increased the local
well in the E-state potential becomes more shallow. Eventually it disappears
whereupon the excitation becomes dissociative. Thus the dissociative cross
sections are enhanced by a factor of 2 as the rotational temperature is raised

from 0 to 300 K. For X~ transitions a factor of 2 decrease in the cross

13 _—




The X-to~A dissociation cross sections have an interesting dependence

upon rotational temperature T,, .. Upon increasing T,,¢ from 0 to 300 K the
cross sections decrease by about a factor of 2. Increasing Tpo to 1000 K
decreases the cross sections further, but by less than 10%. This behavior

was also observed in calculations for v = 0, 1, and 2.

D. HgBr

The AZH, Bzz+, and C2H states of HgBr are the three lowest excited elec-
tronic states which have optically allowed transitions to the X2£+ electronic
state. The main route for electron-impact dissociation of the X state is
through the A state; for all v; considered the contributions to the dissociation
cross section from the B and C states are less than 10°24 cm?. The X-to-A
dissociation cross sections have very little dependence upon the initial vibra-
tional state vj. Therefore, the overall dissociation cross sections will
not be vibrationally enhanced.

The X-to-A dissoclation cross sections have the same rotational-temperature
dependence as the X-to-A transition in HCl. As T, o is increased from 0 to
300 K the cross sections decrease by about a factor of 2, and as T,.o¢y is in-
creased to 1000 K the cross sections decrease further, but by less than 1%.

We also observe this behavior for v = 3 and 4. Thus we see a negligible

dependence of the dissociation cross section on temperature for this system.




with rotational temperature, particularly for v;>0. The X-B dissociation
cross section for vy = 0 decreases by 25% as the rotational temperature 1is
increased from 0 K to 1000 K. For vj = 1 the cross section increases by 5%
over this temperature range, while for v{ = 2 and vy = 3 the increase is 1l1%.
For vy = 4 the increase is 8%. The X-ll cross section has a negligible
temperature dependence regardless of initial vibrational state.

The x-23z; cross section for vj; = 0 increases by a factor of 1.6 from
0 K to 300 K, with negligible change for further increase in temperature.
For vi = 3 the 0 K to 300 K change is a factor of 4, with the cross section
then showing a decrease of 15% by 1000 K. For vj = 4, the 0 K to 300 K increase
is by a f#ctor of 8, with a subsequent decrease by 26% as the temperature

is raised to 1000 K.

C. HCl

The main route for electron-impact dissociation of the X12+ state of
HCl is through the Alﬂ state. The A state is the lowest state accessible
by an optical transition from the ground electronic state. The next two states
allowed are the 218+ and Clﬂ states. Each has a broad well so that the energy
at the ground-state equilibrium geometry is below the respective dissociation
limits. Therefore, excitation to bound levels will be preferred over dissocia-
tion. Furthermore, since these dissociation 1limits are both approximately
15 eV above the X-state minimum, the threshold for dissociative excitation
through these states will be much higher than that of the A state.

The X-to-A dissociation cross sections are slightly enhanced near threshold

and for energies above 10 eV with increasing vj. From 12 to 20 eV the vy

= 1 cross sections are about 15% larger than those for v; = 0, and the vj

= 2 cross sections are about 10% higher than those for vy = 1. o
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S2 1is 1isoelectronic with 07 so the three analogous excited electronic
states were considered for this system: 832;, B'3nu, and 232;. The avoided
crossings seen in the 0; system are not present here except for the 232; state,
which has a local minimum in its potential energy curve. Cross sections for
dissoéiation of the x3z; electronic state through the B state are 2 to 4 orders
of magnitude smaller than those for transitions to bound vibrational states.
Increasing the initial vibrational 1level greatly enhances the cross sections
for dissociation but has 1little effect upon the bound-~state cross sections.
For example, at 20 eV, changing vj; from O to 1 decreases the bound-state cross
section by only a few percent and increases the dissociative cross section
by a factor of 14.7. Increasing vj up to 4 increases the dissociation cross
section by three orders of magnitude relative to vj = 0.

The NI state is repulsive, and for v; = 0 the X~to-Il tramsition is the
dominant route for dissociation. This cross section reaches a peak of 4.6x10"17
cm? at an energy of 6.5 eV and falls off rapidly to a value of 2x10-17 cm2
at 20 eV. The cross sections are enhanced slightly upon increasing vj; at
6.5 eV the increase is only 25% in going from vy = 0 to 4.

The contributions to the dissociative cross section from the X-to-232;
transition are harder to assess because of the existance of predissociating
quasibound states in the local well of the 232; state. Although the dissocia-
tion cross sections for this transition show a large enhancement with increasing
vy (over 4 orders of magnitude from vj = 0 to 4), it will still be less than
a?out 3x10°19 cm? for vy = 4.

The dependence of the dissociation cross section on rotational temperature

for Sy is similar to Op in that the X-B and X-Nl transitions show little effect,

regardless of vy, while the 238; cross section shows a significant increase
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for vi = 0 or 1, but it should provide between 20 to 30% of the dissoclative
cross section for vj; = 2 for energies above about 12 eV. For vy = 0 and 1
the total dissoclative cross section rises from a threshold near 7 eV to about
8x10"17 cm2 at 20 eV, and for vi = 2 it rises to maximum of almost 11x10~17
cm? at 20 eV.

No appreciable change is predicted for the X-to-B dissociation cross
section for vy = 0, 1, or 2 as the rotational temperature is increased from
0 to 1000 K. The largest changes (about +6%) occur for near-threshold energies,
and at 20 eV the changes are less than 1%. The X-to-B bound-state cross
sections decrease as the rotational temperature is increased; typically by
7-8% as Tyo¢ is increased from 0 to 300 K and by 25% as it is increased from
0 to 1000 K.

For the X-N transition the threshold vj = 0 cross section increases by
4% from 0 K to 300 K, with no further change to 1000 K. For vj = 1, the cross
section decreases by 4% between 0 K and 300 K, and decreases an additional
27 by 1000 K. At higher energies the decrease between 0 K and 300 K is 7%,
with an additional 2% decrease by 1000 K. Thus the cross section for this
transition is not very sensitive to rotational temperature.

The X-to-E dissociation cross sections show the largest change as the
rotational temperature is increased. At energies near threshold the v; =
0 cross section 1increases by factors of 2 and 2.1 upon increasing the
temperature from 0 to 300 K, and from 300 K to 1000 K, respectively. At higher
energies the increases are factors of 1.65 and 1.75 for the same changes in
temperature. The vy = 1 threshold cross section decreases by 0.8 in going
from 0 K to 300 K, with no further change observed in increasing the temperature
to 1000 K. At higher energies the behavior is similar, except that the factor
réduces to 0.6. For vy = 2, the threshold cross section increases by 1.3

between 0 K and 300 K, with no further change in going to higher temperature.
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3. Dynamical Calculations

A. 0Og

Three excited electronic states were considered for this system: B'L
13Hu, and E32;. The presence of a (diabatic) Rydberg state of the same symmetry
cauges the potential curves for each of these states to have shoulders or
local minima resulting from one or more avoided crossings near the equilibrium
geometry of the ground electronic state. Avoided crossings also cause rapid
changes in the transition dipole moment and affect the shapes of the excitation
and dissociation cross sections curves as a function of translational energy.

Cross sections for dissociative transitions from the ground electronic
state XBZ; through the B state are 2 to 4 orders of magnitude larger than
those for transitions to bound vibrational levels of the B state. Increasing
the initial vibrational level greatly enhances the cross sections for excitation
to bound states but has little effect upon the dissociative cross sections.
For example, at 20 eV, changing vj from 0 to 1 increases the bound-state cross
section by a factor of 10.1 and increasing vj; from 1 to 2 increases it by
a factor of 4.2. At the same energy the dissociative cross section decreases
by only 19% upon increasing vi; from 0 to 2.

The N state is mostly repulsive, and the dissociative cross sections
for the X-to-ll transition are 50 to 70 times smaller than the dissociation
cross sections for X-to-B transitions. The X-to-ll cross sections show only
a moderate enhancement with increasing vj.

The contributions to the dissociative cross section from the X-to-E transi-
tion are harder to assess because of the existence of predissociating quasibound
states in the local well of the E state. Our estimate is that the E state

will not contribute significantly to the total dissociative cross section




be higher, but the various states can be treated equally since the orbitals can
be optimized for each state. Because they are optimized especially for the
configuration space used, the potential energy curves are smoother and probably

more accurate.
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2. Ab Initio Electronic Structure Calculations

Ab initio electronic structure calculations are performed to provide
input for the impact parameter calculations. Although RKR potential data
are available for many of the s ates of interest, they do not provide global
descriptions of the curves. In particular, the repulsive parts of the
potentials, which are critical for calculations of dissociative cross sections,
must be obtained from ab_ initio calculations. Although the transition dipole
moment for the equilibrium geometry can be estimated from spectroscopic data
by using the Franck-Condon approximation, accurate calculations of oscillator
strengths and electron-impact cross sections require the transition dipole
moment as a function of R. Therefore, it must be obtained from ab initio calcu-~
lations. Finally, the electronic wavefunctions and transition dipole density
matrix are required as input to the Born calculations used in determining
bg. These are also provided by ab initic calculationms.

We have used the most accurate ab initio data available. Some data has
been taken from the literature to augment or replace our own calculations.
The method we have employed is the mul_iconfigurational self-consistent field
(MCSCF) method. It is well suited for the description of ground and excited
states of diatomic molecules. MCSCF is a state-of-the-art method "beyond"
Hartree-Fock; i.e., it treats electron correlation. The method not only opti-
mizes the eigenvectors (i.e., the configuration coefficients) as does the
configuration interaction (CI) method, it also optimizes the orbitals from
which the configurations are constructed. Thus for a given basis set and
configuration space, it provides the optimum result. Altl:ough, for a given
effort in computer time, the configuration space of an MCSCF calculation is

usually smaller than that of a CI calculation, we expect t. obtain potential

energy curves of a higher quality. The total energies obtained will generally
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» To assess the accuracy of the computed cross sections, we compare our
- + .
. results with experimental and other theoretical cross sections for the Xlzg-to-
1.+ I
. B Zu and X-to-B Zu transitions in Hjp. Cross sections for transitions to
bound vibrational states are calculated in addition to those for dissociative

transitions. The experimental and previous theoretical results do not include

treatment of vibrational and rotational effects. Therefore, we compare cross
sections in which the rotational degrees of freedom are treated as degenerate
and excitation is from the ground vibrational state. In general the agreement
of our cross sections with those from previous theoretical calculations is
very good.

The experimental cross sections for the X-to-B transition to bound states
are smaller than the theoretical ones by about a factor of 2. Most of this
discrepancy can be attributed to problems with resolving the measured signal
at small scattering angles.

The theoretical cross sections for direct dissociation to produce H(2s)
via the X-to-B‘A transition are smaller than the experimental cross sections
by factors of 3 to 4. However, the experiment measures the total H(28) formed;
it can not distinguish products of direct dissociation through the B' state
from products of excitation through other electronic states or indirect proc-
esses, such as cascading from higher electronic states. The agreement of
the IP method with other theoretical methods 1is very encouraging, and the
comparisions with experiment are consistent with our understanding of the

processes.
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Table 2. Threshold Energies (in eV) Predicted by the IP Method.

System Vi Energetic Threshold Dynamic Threshold
07(X+B) 0 7.083 7.3-7.4
1 6.890 6.9-7.0
2 6.700 6.8-6.9
02 (X+PI) 0 5.116 9.4-9.5
1 4.923 8.7-8.8
2 4.733 8.0-8.1
07(X+E) 0 7.083 11.4-11.5
1 6.890 11.2-11.3
2 6.700 11.0-11.1
S2(X+B) 0 5.567 <5.6
1 5.476 <5.6
2 5.386 <5.4
3 5.300 <5.4
4 5.212 <5.4
S2(X+P1) 0 4,421 ~5.6
1 4.330 5.4-5.5
2 4.240 5.2-5.3
3 4.153 5.0-5.1
4 4.066 4,9-5.0
S,(¥225) 0 5.567 8.0-8.1
u 1 5.476 7.9-8.0
2 5.386 7.8-7.9
3 5.300 7.7-7.8
4 5.212 7.6-7.7
HCL(X+A) 0 4,279 7.0-7.1
1 3.921 6.2-6.3
2 3.576 5.4-5.5
HgBr(X+A) 0 0.468 1.1-1.2
1 0.450 1.0-1.1
2 0.432 1.0-1.1
3 0.414 0.8-0.9
4 0.396 0.8-0.9
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This depends strongly upon the initial and final state potential energy curves

and the transition dipole moment between the two states but only weakly upon
the interaction of the 1incident electron with the target molecule. The
dynamical threshold energies are probably accurate to within 0.1-0.5 eV for
all but the HgBr system. The energetic and dynamical threshold energies are
shown in Table 2. The dynamical threshold will be most accurate for systems
in which the energetic and dynamical thresholds are close, such as the X to
B transition in 0y and S3. The behavior of the IP and BA cross sections for
energies very near threshold is not accurate for electronic transitions. These
cross sections can be in error by an order of magnitude or more because the
approximations in the theories break down, exchange interactions become more
important, and important resonance effects are neglected.

Although the absolute magnitudes of the integral cross sections may be
in error by as much as an order of magnitude for the lowest energies,
predictions of the dependence of the cross sections upon initial vibrational
and rotational states should be reliabl:. The change in cross sections as
a function of the initial vibrational and rotational state 1is controlled by
the change in overlap between the initial and final wavefunctions for nuclear
motion. Thus it is the structural factor determined by the potential energy
curves and dipole transition matrix elements which determines the vibrational
and rotational dependence of the cross sections and not the dynamics of the
interaction between the incident electron and the target molecule. Also the
change in the dynamical threshold energies with initial vibrational state
should be accurate to within 0.1-0.5 eV.

More accurate dynamical methods are required to obtain accurate absolute
cross sections near threshold. The first-order perturbation treatment of
the collision actually becomes valid at very low translational energies for

nonzero impact parameters. To see this consider the effective potential felt
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by the incident electron at 1long range. This potential is the sum of the

(positive) centrifugal term and a multipole expansion whose leading term is

a (negative) quadrupole. The potential is negative at small distances then o
increases to a maximum. The value of the potential at the maximum and the :3?
distance increase with increasing impact parameter. If the electron energy EBEE
: is small enough the centrifugal barrier will prohibit the electron from o
penetrating to close distances and the first order perturbation approximation ,iﬁ
to the interaction will be valid. For electronic excitations this criterion lfﬁ
can only be met in the exit channel and this approach will not be useful. ': 1

However, the BA or IP methods could be used to accurately pre&ict the threshold
behavior of the cross sections for rotational and vibrational excitation cross

sections which are dominated by scattering at nonzero impact parameter.
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The only methods capable of predicting accurate cross sections at threshold

¥

energies are those based upon an accurate quantum mechanical treatment of
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the scattering system. These include close-coupling calculations and the -

distorted wave Born method which is very similar to a two-state close-coupling éﬁ'
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calculation. The major limitation in the distorted wave method is the improper

ol
treatment of resonance behavior which is very important at low energies. The =

limitations in the close-coupling calculations are associated w#ith numerical
difficulties in the calculations. The major difficulties are the accurate
inclusion of exchange interactions, the related difficulty of including s
electron~capture states in the expansion of the total wavefunction, and the
convergence of the cross sections with respect to the number of channels.
Local approximations to the electron exchange terms have been developed and
have been shown to be extremely easy to use and also very accurate for energies
above 10 to 20 eV. These methods have not been adequately tested for low e
energies but may be accurate to within about a factor of two in the cross

section for threshold energies. This could be easily tested for some atomic
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cases for which accurate quantum scattering calculations have been performed
down to very low energies. Once a local approximation to the exchange is
included, electron-capture states can be routinely added to the basis without
further complications and resonance features camn be accurately described.
Cross sections are known to converge slowly with increasing basis set size.
Rather than wusing large basis sets, accurate calculations can be obtained
using small basis sets in which the electronic wavefunctions for the target
molecule are allowed to distort as the incident electron approaches. These
polarization effects have been effectively included in calculations of elastic,
and vibrationally and rotationaily inelastic cross sections, but have not
been used in calculations of electronic excitations.

In summary, the IP cross sections for electron-impact dissociation for
energies a few eV above threshold are probably accurate to within factors
of 2 to 5 for most of the transitions studied here. The major exception is
the X-to-Il transition in 8 which may be in error by an order of magnitude
or more. The cross sections are qualitative at best for energies near
threshold. For these energies resonances can drastically alter the shape of
cross sections and they are not included in the IP method. The effect of
increasing the initial vibrational state should be well predicted and the
threshold energies and their dependence upon initial vibrational state should

be accurate to within 0.1 to 0.5 eV.
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6. Comparison with other Dissociation Processes

A. Hy

Dissociative attachment (DA) is the predominant dissociation mechanism in
Hy below 5 eV. The process is understood to involve resonant excitation of low
lying electronic states of H3, which subsequently dissociate into H and H™. A
strong dependence of the cross section on molecular vibration has been theoretically
ptedicted3 and experimentally verified4s3, Theoretical prediction of a large
rotational enhancement® was not observed in experimenta7.

The DA process has also been studied experimentally in both Hy and D; by
Allan and Wonga, who investigated with refined techniques the effect of both mole-
cular vibrational and rotational energy on the dissociation cross section. They

concluded that there 1is a strong vibrational effect in which the threshold cross

section increases by four orders of magnitude for vibrational excitation from
v = 0 to v = 4. They determined that the rotational energy dependence is much
smaller, and 1is described well by the resonance model calculations of Wadehra
and Bardaleyg'll. The cross section increases by approximately a factor of five
from j = 0 to j = 7. Thus as a function of total internal energy, initial vibration
is much more effective than rotation in increasing the efficiency of dissociation
by this mechanism. However, a more detailed analysis11 indicates that it is the
B total amount of available internal energy that determines the dissociation rate,
and that rotational energy is efficient provided the molecules are sufficiently
rotationally hot.

The resonance dominated dissociative attachment process, important below
5 eV, rapidly diminishes above that energy to values below 10°21 c¢m2. Above 15
eV, a major channel is direct dissociation to neutral species. This process 1is

the thrust of the research discussed in this report. As for DA, the direct dissoci-
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ation process 18 enhanced by vibrational energy, but to a lesser extent. A factor
of four increase in the cross section is found in going from v = 0 to v = 4, In
contrast to DA, there is a negligable effect due to rotational energy. The
threshold energies decrease by the vibrational state energy change in going to
higher V. Since we are already at fairly high energies (above 20 eV) these incre-

ments represent small changes in total energy.

B. 03

The effect of initial vibrational energy upon the dissociation of 05 by
electron attachment has been studied both experimem:allyl”5 and theoreticallylz.
In the following figure the DA cross sections are shown for thermal distributions
of vibrational states at 300 and 1400 K. The cross sections shown are those
calculated by O'Malley, which agree very well with experiment. At 300 K over
99% of the 0O; molecules are in their ground vibrational state and at 1400 K
approximately 80% are in vy = 0 and 16% are in vy = 1. Therefore, the 300 K DA
cross sections are dominated by dissociation from vj; = 0, whereas the DA cross
sections for 1400 K are the averages of cross section for a few vibrational states.
Vibrational excitation of the 0 molecule gives a large enhancement of the cross
section at threshold energies. The cross section curves are shifted to lower
energies by about 1 eV as v; is increased from 0 to 1.2 This is reflected in
a shift of the cross section curve at 1400 K to lower energies relative to 300
K.

For comparison, impact parameter cross sections for direct dissociation through
the B state are also shown for v{ = 0, 1, and 2. The IP cross sections are shifted
to lower energies by an energy approximately equal to the vibrational energy spacing
in 0y (about 0.2 eV) as vy is increased from 0 to 1. The different behavior in

these cross sections compared to the DA ones at threshold arises from a difference
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in the mechanisms for the two processes. The nonionizing dissociation process

occurs by excitation from the vibrational level of the ground electronic state
to the continuum of the B state with an energetic threshold of about 6.7 eV for
vi = 0. The IP cross sections at threshold energies are controlled by the overlap
between the continuum wavefunction and the initial vibrational wavefunction. In
this case, the overlap does not depend strongly upon the initial vibrational energy .
level, there being only a slight enhancement of the v; = 1 and 2 cross sections
over those for vy = 0 at threshold energies. Therefore, for the nonionizing process
the thresholds decrease by approximately the vibrational energy level spacing
as vi increases. The dissociative attachment of 0; is postulated to occur through
the 211, state of 03 with a threshold of 3.6 eV for v; = 0. The cross section
for this process is believed to be quite high‘(~10'16 cm2) and the magnitude of
the DA cross section is determined by the competition between autoionization to
form neutral 0; and dissociation to form 0 + 0°. The major effect in this process
is the change in the probability of survival in the ionic state as the vibrational
state is changed. Because thils enters through an exponential factor in the cross
section it is seen to have a much more drastic effect upon the DA cross sections
than a simple shift to lower energies by the vibrational energy level spacing.

0'Malley has shown that the effect of rotational excitation is minor compared
to the vibrational effect for the DA cross sectionl2?. This agrees with the conclu-
sion we have drawn for the direct dissociation process.

We note that the effect of including exchange effects will change the shapes

of the cross section for the direct dissociation process at threshold energies.

However, the mechanism of direct excitation will be dominated by the overlaps
of the initital and final wavefunctions and the qualitative trends seen in the
IP calculations are still expected. The effect of resonances near threshold are

more complicated and can alter even the qualitative nature of the predictions.
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HCl

The dependence of the dissociative attachment cross section for HCl has been
studied by Allan and Wong13. The mechanism for this process is similar to that
discussed for O0j. Electron attachment is postulated to occur to form the lowest
25+ gstate of HC1™ which has a threshold for dissociation only 0.6 eV above the
ground vibrational state of the ground electronic state of neutral HCl. The
vibrational energy level spacing of HCl is about 0.35 eV; therefore, by vy = 2
the DA cross sections are nonzero down to zero translational energy. A dramatic
enhancement of the DA c¢ross section is seen as the temperature is raised from
300 to 1000 K. For 1000 K the DA cross sections extend down to zero energy even
though the relative population of vy = 2 to vy = 0 is 0.03%. As in the case of
dissociative attachment for 0O, for HCl the cross sections for electron attachment
to HCl are very high at low energies and roughly independent of initial vibrational
state. The DA cross sections are then determined by the competition between
dissocjiation and autoionization to form neutral species. The survival factor
(probability of not autoionizing) is strongly dependent upon the vibrational state
and enters the DA cross section through an exponential factor.

The structure seen in the DA cross sections for HCl are not caused by the
DA process itself but by the competition of dissociative attachment with vibrational
excitation of HCl. At energies at which excited vibrational states of neutral
HC1 become accessible, the vibrational excitation cross sections become very large
and caused a dip in the DA cross sectionms.

The impact parameter cross section for dissociation of HC1 through the A
state are shown in Appendix E. Near threshold the effect of increasing the initial
vibrational level is quite dramatic. This is because the overlap of the initial
and final wavefunctions for energies near threshold is very sensitive to vj. Also,

the structure seen in the cross section near threshold is a reflection of the
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structure in this overlap caused by the nodes in the excited state wavefunctions
for the initial electronic state. The origin of this structure is very different
from that for the structure in the DA cross sections.

As mentioned in the previous section, the IP method is not valid near threshold
but the dependence of the cross sections upon vibrational energy level should
be reliably predicted. However, near threshold resonance effects can be important

and can significantly alter these predictions.
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7. Recommendations

The cross sections presented in this report are suitable for kinetic modelling
of electron dissociation processes in plasmas at energies above threshold. Since
electron-impact excitation and dissociation of molecules plays an important role
in laser plasmas, plasma switches, and general gas-phase electric discharges,
it is important to develop theoretical methods that are reliable near threshold.

.We have examined possible approaches, and conclude that a more rigorous treatment
using discrete variable methods is promising and should be pursued.

Extensions of the impact parameter method to treat polyatomic molecules is
possible by using wavepacket methods or the eikonal approximation. Both methods

14,15 Since selective

have been successfully applied to photodissociation.
vibrational excitation of the parent polyatomic molecule can lead to changes in
the ratio of product fragments, this process should be investigated as a possible

means to rapidly switch a gas discharge.
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The impact parameter method for electron impact excitation of diatomic
ecules is reformulated to explicitly treat molecular vibration and rotation
to permit the study of molecular dissociation. Applications are made

optically allowed transitions involving the X 12;, B 1Z+

and B’ 18: states
Hy. The resulting cross sections are compared to other theoretical
culations and to experimental data. This method is applicable to heavy
tomic molecules and 1is expected to be wuseful in studying trends in

ctronic excitation and dissociation «c¢ross sections associated with

iations in internal energy.
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(R) -;-'- CkR[Jl (kR) - tan(n)n (kR)] (35)

ere

= - = 6
(ZuAB/ﬁ)[e Vuf(R )] (36)

and nmf are regular and irregular Ricatti-Bessel funct:ions,42 respectively,

is the phase shift, and C is a constant obtained by normalizing the wave-
iction to unit density per unit energy.12 The transition energy AE [Eq.
5)] is replaced by

aj

AE = ¢ - €, (37)
Vili

d the final expression for the averaged cross section is

max -

ajaf aj
0"1 (E,Tyor) = Q (Trot) djy (2jg+1) exp(-eviji/kBTrot)
11’0

z [ % Jielf (E) (38)

ere, in analogy to Eq. (28),

aiuf - afai afai
o b (E) = § . D (E) (39)
Vijiels €LgVijy EeRgEVi)y

this case, the final rotational angular momentum quantum number is
terpreted as the orbital angular momentum guantum number £¢ of the separating

oms. We refer to the cross section defined by Eq. (38) as the IPVRD cross

ahndel

1

. ’ -
tndend ek,
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Invoking the Franck-Condon approximation in Eq. (12) and assuming the

, 3
vibrational states are degenerate we obtain 0

m:ez 2 aga
o, (E,T ) — (2-§ ) (M (R_)]° p i(E) (32)
if rot f:;:;o 364 Ag,0 agay eq

where we assume the sum over the Franck-Condon factors is unity (this is
true only if continuum states are also included in the "sum"). This expression
thus represents excitation to both bound and dissociative states. We call
the cross section denoted by Eq. (29) the IPVR cross section, the one given
by Eq. (31) the IPV cross section, and the one given by Eq. (32) the IP cross

section. The last is the form obtained by Hazi.30

B. Bound-to-Continuum Transitions

Next we consider the modification necessary for dissociative transi-

tions. In this case we no longer have a vibrational quantum number fer the
final state; instead we have the continuum energy €. Thus w2 replace alil
occurrences of the quantum number v¢ by € in the preceeding equations. The

wavefunctions for the continuum states are solutions to the equation

2 2 2 2 2 af _ af
[-¢R"/2u,.)d"/dR" + Vaf(R) + A0 (ag+1) /20, R7)] xelf(R) = £Xey, (33)

subject to scattering boundary conditions, i.e.,

a
By — 0 (34)
el R+0
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max
ji

M (B, Teoe) = |QE o z o
Uvi rirot Qvi(Trot) . dj,; (2j4+1) exP('Eviji/kBTrot)
31=0
vmax
. 2 2 1Jivfjf(E) (29)
VE=0 g

p
vhere Qv (Tyot) is the rotational partition function for vibronic state ajvi
i

,max
J.

IS

a
Qv:(Trot) = z dj; (234+1) exp(-e:iji/kBTrot) (30)
31=0

kg is Boltzmann's constant, and v?ax is the vibrational quantum number of

the highest bound state of the final electronic state. The nuclear spin
degeneracy factor dji is unity except for certain classes of homonuclear
diatomics (see Table 1). jTax is selected by practical consideration.

The sum over final rotational states has nonzero contributions only
for jg equal to jj-1 or jj+l, (jg20). 1In the low temperature limit, only

(!(!f

the j;=0 and jg=1 states contribute to o, (E,Tror)- Then the sums over

l.
the Clebsch-Gordan coefficients in Eq. (19) can be evaluated to give a factor

of 1/9 and the cross section Eq. (29) reduces to

max
Vf mZeZ
2 a a
o (E,T) —b £ (2-6 ) (MEE%1 £ 31
i Trot>0 zlo IKs Ag,0 ( vai] vevy (31)
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where
2 .
m uj E (22)
meu% = E - AE | (23)
Yi = % AE/mbu% (24)
YE = %o BE/m ul (25)
Y = 28, AE/m (u2 + u2) (26)
o e i £

E is the relative translational energy of the incident electron, m is the
electron mass, %, is the minimum value of the incident electronic orbital
angular momentum quantum number, uj; (ug) is the dnitial (final) electron

speed, and the transition energy AE is defined by

BE = e2f - %1

vVeis Viii (21

The dependence of the dynamical factor on molecular vibrational and rotational
quantum numbers is only through the transition energy.

The cross section is expressed as the product of the structural factor
for the molecule, given by Eq. (19), and the dynamical factor for the electron,

given by Eq. (21):

aia o0t
i f E) = § foqi D“f“t

g, . . . . (E (28)
Vilivelf VEIEViiL VEIEVid )

A. Bound-to-Bound Transitions

The cross section of interest is obtained by averaging Eq. (28) over
a Boltzmann distribution of 1initial rotational states characterized by a
rotational temperature T, 5, and summing over all final vibrational and

rotational states:
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inequality "~. The structural factor is zero unless jf = jj*l. It also vanishes
when |[AA|[>l, and so we can have L 4> I, & <>, and T« 1T transitions but
not I «> A. Extending the present theory to permit the description of higher
order processes would require including additional terms in the multipole

expansion of the electron-target interaction. If we assume degenerate

rotational states, the structural factor reduces to

202

mee
i EET (2-68, J2-8 ) | |2 (20)
VEVi 3g; F Ag,0 Ay,0 vEvy

Evaluation of the dynamical factor follows the derivation of Hazi exactly.
By assuming that the trajectories for the incident electron are straight
lines and energy exchange with the target occurs at the distance of closest
approach and requiring conservation of energy and angular momentum, the
dynamical factor can be expressed in terms of modified Bessel functions42

K;(y) and modified Struve t'unctiom:l'2 Si(y). The derivation is found in

Hazi's paper,30 and we present only the final result integrated over impact
parameter:
2n
£ () = Y1 Kolvi) Kilyy) + vg Kolyge) Kylyg)

veigviig m2 u;
~ 7 lri Solvy) S1(v1) + v Solvg) S1lyg)]
+ v (K1) Kolyy) + Kolyg) Kylyy)
72

+ % [So(vi) Silye) + S1(vi) Solye)l}

2 JE
+ @i -uwho? +uhH ! e + 3 f dy So(y) 1 (21)

Yi
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2je+l [e2 21 '
ao f a0
pEL  (¢) - (gz)l" £1 I dt exp(iAEgit/h) L '(t)
velgvidy 27 g4 velgvidy |- r3
.. 2
x z z IC(]iJfl; -xixf)|
Ag=th¢ Ay=xhy

if Ji
x Z z IC(jijfl; -mimf)lz (17)

mE=-jf my=-jy
We have also used the relation defining the displacement vector in terms

of the spherical harmonics 40

‘il Y (;') e = (i r' (18)
ym-1 p B

to simplify the time dependent integral.30 This form for the probability
results from the present restriction to dipole allowed transitions. Thus
even with the inclusion of vibrational and rotational degrees of freedom,
we still obtain a form analogous to Hazi's, i.e., a factorization of the
transition probability into the product of a dynamical factor depending on
projectile electron coordinates (classical trajectory) and a unitless
30

structural factor depending only upon properties of the target molecule.

The structural factor is written as

22
a.a mee” \ 2jg+l X2y 2 Cos 1. - 2
s £ i - (.9__)._____ |M | }: E: | cGijigls -3 ap)

VedgVidi  \B 27 gy Veidi agmrng ageaag
Y, 4,
2
x 2 2 | C(3,igls -mimf)l (19)

me=-Jg  m=-iy

where z.—.e is the electron mass. It contains Clebsch-Gordan coefficients that

impose optical selection rules due to the requirements of the triangle
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where we have used the property41

i ok a -, A
DL (R) = (-1)'1 i pli  (R) (14)

m Ay TmtAy

Making wuse of the integral theorem for the product of three rotation

matriceBAI, we obtain

1 1
o, 250325407

m
= (- i1 2 6m “m,,u
IR (-1) an2 3 £ My
X c(ji’jf’l; -mi’mf) c(ji’jf’l; -xi,xf) (15)

We have now reduced the rotational factor to a simple expression involving
the product of two Clebsch-Gordan coefficients. The time-dependent

perturbation matrix element now becomes

(2jf+l)%(2j +1)!§ m,-A a. .o
e L (-1 "y fd

v.. (t) .
g2 £Ie'1dy

fi

I
W N
—~—~
uf“;
\/0\"

*

C(jijfl; -mimf) C(jijfl; -Aixf)

(16)

X
L]

-] =
N
El
)

\

3
()
=

<

- %
=

~~

" >

S’

Substituting Eq. (16) 1into Eq. (1), summing over final anguiar momenta
(electronic and rotational), and averaging over initial angular momenta results

in the following form for the transition probability
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This operator is a spherical tensor of rank 1, so (from the Wigner-Eckart

theoremag) we have

+1

n
1%, 4 * -
z Dum(R) jdg waf)‘f(x ;R) z erq Yim(rg) w“i)‘i(l(;R)

m=-1 q=1

3\ 5 L%
=(a—“) DuM(R) M(Sf(!i(R) (9)

where the electronic transition dipole moment is

n
sy ® " ]dx " e z &g Vga, (R (10)

q=1

and & = XAg-My. The transition matrix element can now be written as
3 b .
am\ % o [y 1y
Ve, (8) = (7;> [ VEIEViig 2 e '
p=-1

xde NmfA (R) D, (R) N ix (R) (11)

£f " MM

where the electronic transition dipole moment is averaged over the initial

and final vibrational wavefunctions

a_a a .x
M £L . = f ar x E. (R M, o (R) x Lo (12)
i ¢ £lg £i vidy

For the remaining integral over Euler angles, we use the Wigner D-function

representation of the symmetric top wavefunctioms, Eq. (4),

1 1
256+1\2 f25441 4/‘ NP 3
dR D (R D R D (R)
R 9m2 8n2 mf ) uAA( ) iAi
2 s\
-A ~ 3 ~
-t 1<__fil_) Ji”) de B ax (R) Djf (R) )i x (R) (13)
gn2 8n 2 meg Mt
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Ve, (6) fdxfn dedR bapre R ROGE () NIEL (R
n 2 . ~
x ¥ € v (mR) R°L %1 (R) NIL (R)  (5)
L -t A ~ A
"1 T | T Vil M

To evaluate this expression, we use the usual multipole expansion40

w L 4 re® A
* ' -1 < o ' ol ]
| e |7 =3 X ( ) — Ypulr') Y, (B (6)

f=0 p=t \22+1/ r**!

where r¢(ry) is the lesser (greater) of r' and rq'. We keep only the
asymptotic (r' > rq') terms of this expansion because the impact parameter
treatment is valid only for collisions that do not penetrate the electron
cloud of the target.30 We are presently interested only in optical

(dipole-allowed) transitions (for which the dominant contribution is from % =

1). Therefore, we approximate the electron-target interaction by

L
4»" +1 t‘q -~
— - -l - * e ’
[T (t)-rq [~ = 'y u’-‘z‘l e Ylu(r ) Ylu(l‘q)

(7)

Since the electron coordinates of the electronic wavefunctions employed
in the matrix element Vg§; given by Eq. (5) are expressed in BF coordinates,

Eq. (7) must be transformed to BF coordinates before the integration can

1

be carried out. Using the Wigner rotation matricesl we obtain
+1 +1 r X} - P
—t i -1 4m q * 1* (8)
| T ()T | = — 21 mzl =2 P o (R) Yy (rq) .
u=- X - )

Substituting this expression into Eq. (5), we note that the part of the
resulting expression involving integration over the target electron coordinates

is the matrix element of the spherical representation of the dipole operator.
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The vibrational wavefunctions for electronic state a are orthonormal eigen-

functions of the equation
2 2 2 2.,. 2 a _ a a
[-(n /2uAB) d“/dR“ + Va(R) + 4 j(J+1)/2uABR ) xvj(R) = yj ij(R) (3)

whereuAB is the reduced mass of the diatomic molecule, etj is the vibrational
energy level, and Va(R) is the potential energy curve for electronic state
a.

The symmetric top functions are represented in terms of Wigner

D-functions39

PRY:

N (R) =(ZJ—+1—) 3% (R) (4)
mA 8n2 mA

where the projectile electron 18 assumed to be initially moving along the

spaced-fixed (SF) Z axis, and where ﬁ represents the two (nontrivial) Euler

angles relating the BF frame to SF axes. This normalization assumes

integration over all three Euler angles.

In our formulation of the semiclassical impact parameter method, the
projectile electron velocity is assumed to be high enough that the collision
time 1is short compared to the periods of molecular vibration or rotation.
Then the adiabatic nuclei approximation 1is expected to be valid, and the
time-dependent perturbation matrix element required in Eq. (1) is obtained
by taking the matrix element of the projectile-target interaction between
initial and final molecular states represented in the form of Eq. (2). If

' (t) represents the classical trajectory of the projectile electron, and

T' the coordinates of a target electron (the primes indicate SF coordinates),

then this matrix element can be expressed as

LT TL VDS UV Y e e e




II. THEORY
Hazi's implementation of the impact parameter method employs the "fixed

nuclei” approximationa, averaging the semiclassical transition probability30

- -1~ iAEgit /A
Pe, = gil z z | & L» de e " fi Vfi(t) |2 (1)
Aj=+Ay Ag=xhg

over .all molecular orientations. 1In this expression gj is the degeneracy
of the initial electronic state, A; and Ag¢ are the usual projections of
electronic angular momentum on the body-fixed axis, AEgy is the transition
energy, and Vgi(t) is the time-dependent matrix element of the perturbation.
We present an extension of the theory to allow treatment of those processes
that require consideration of nuclear motion.

We work within the framework of the adiabatic nuclei approximation37

and employ a Born-Oppenheimer factorization of the wave function for the

target molecule
jm . R) = : a I (R
Your (K3 R = . (x5 R) Xy (R) N-, (R) (2)

The function wa)\ represents an approximate solution (for electronic state
a) to the n-electron Schrodinger equation for the electrons in the molecule
moving in the field of the "fixed" nuclei. ng is the vibrational wavefunction
for the (v, j) rovibrational level of electronic state a, and N:i)\ is a
symmetric-top function for a diatomic molecule with electrouic angular momentum
component A.38 In our notation, x collectively represents the coordinates
of the target electrons, while R and ;1 represent the magnitude and angular
position of the relative position vector R. All target electronic coordinates
are referred to the body-fixed (BF) frame and the polar z-axis is taken along

the line joining the nuclei (R).
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products of Clebsch-Gordon coefficients. By performing suitable averages,
the original cross section formula of Hazi is obtained.

The appendixes provides the relevant computational details, while Section
IV presents the results of the cross section calculations for several levels

of approximation within the IP method. As a test of the method for electronic

+
excitation to bound vibrational states, we apply the IP method to the xlzg to

Blzt and XIZ; to B'IE: transitions in Hyp and compare with previous

32 12,16,23,30

experimental and theoretical studies. We also apply it to the

direct dissociation of H2<1z;) through the B'IZI state and compare the results

33,34

with experimental and theoreticall?,26 gtudies. Section V provides

a summary and the conclusions.
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wave theories. Thus it is complementary to these approaches and to the
high-energy Born-type approximations. In the semiclassical impact-parameter
(IP) method the motion of the electrons (including the incident electron)
is separated from nuclear motion by the Born-Oppenheimer approximation. This
allows the molecular electronic problem to be treated as accurately as
necessary, independently of the scattering. Hazi's theory assumes degenerate
rotational states and averages the transition probability over molecular
orientations. His formulation results in cross-sections that satisfy
reciprocity, and this represents a refinement over the original
impact-parameter method. However, the Franck-Condon approximation is utilized,
and internuclear distances are treated as static. Thus vibrational and
rotational motion are neglected. Because of these approximations in Hazi's
theory, the resulting cross sections do not distinguish between bound
(rovibrational) and unbound (continuum) channels. When the method is extended
to include nuclear motion, this differentiation can be made.

In Section II we present extensions of the impact parameter model to
include the effects of initial vibrational and rotational excitation upon
electron 1impact induced excitation and dissociation. We are interested in
nonresonant optically allowed electronic excitations of diatomic molecules.
These involve dipole-allowed spin-conserving transitions. These excitations
can be to bound rovibrational levels of the final electronic state or to
parts of the potential energy curve above the dissociative limit of the final
electronic state. We consider only processes of direct dissociation through
excited electronic states rather than the resonance-enhanced dissociative
attachment process. When the diatomic molecule is treated as a symmetric
top, electronic and rotational angular momentum are coupled; however, the
resulting cross section retains a separability of structural and dynamical

factors analogous to that of Hazi's original method and involves simple
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I. INTRODUCTION

Processes involving electron-molecule <collisions are important in
gas-laser systems, atmospheric physics and photochemistry. Because of
their importance in laser plasmas,1 collision-induced electronic excitations
and dissociation by electron impact have been the subject of recent
experimental 1nterest;2 however, there has been 1less progress in the
theoretical description of these processes. Although electron-molecule

scattering theory has been significantly advanced in the areas of elastic

scattering and rotational and vibrational excitation,3'5 the ab initio

calculation of electronic excitation of molecules by electron impact is
relatively new. Early work in this area includes Born or other "plane-wave"
approximation calculations® 13 that are reliable only at relatively high
energies. In addition a two-state close-coupling method16-18 hag been applied
to electronic excitation and dissociation of a number of states of H; and
to the excitation of the alng state of N219. In these calculations electron
exchange is correctly included, but the treatment of nuclear motion utilizes
the Franck~Condon approximation. The theory can treat both singlet-singlet
and singlet-triplet transitions. The distorted-wave Born approximation
employing the L2 T-matrix20-26 or R-matrix?? methods has also received
attention. Most applications of the distorted wave methods have been to
processes involving excited electronic states of Hp, although applications
to N224 and F225 have also been made. The method is most applicable to
spin-forbidden transitions involving short-range interactions.

Hazi has extended the semiclassical impact-parameter method28-29 to

electronic excitation of diatomic molecules3O, The formulation neglects
exchange, and is best suited for the treatment cf optically allowed transitions

that require many partial waves in conventional close-coupling or distorted

33




section. The limi“s of integration in Eq. (38) are rigorously given by the

continuum threshold

€min = Vaf (R = =) (40)

e te e
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and by energy conservation

af
€ =E + e, . (41)
max viii

The expression for dissociation from selected initial vibrational states

in which rotations are treated as degenerate is generalized from Eq. (31)

€
max :
afay afoy

o%}“f(E)= / de Dey; (E) Sey, (42)

[~
m -

where the structural factor is given by

o fo 4 22 a
S i = m-e (2 - § ) 'M f“ilz (43)
€V R4 Ag,0 €vy

and the dynamical factor is given by Eqs. (21) - (26). The cross section

defined by Eq. (42) is called the IPVD cross section.
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III. COMPUTATIONAL DETAILS

The potential curves for the X 12;, B Z: and B' 12: states of Hy are

43,44

1

obtained by fitting accurate ab initio and experimentall'5 data in a
manner similar to that of Bla.s and Truhlar®6. Over the region for which

the potential data is available the points are fitted to a cubic spline

function. For small R values the potential is written as

vV = A R"L exp(-BR) (44)

where the parameters A and B are determined so that the function fits the data
points at the two smallest R values. For the region of R values greater

than the spline-fit region the potential is fit to the form
V=v,-Cs RO -cgr8 (45)

where V, is the experimental dissociation energy and the parameters Cg and
Cg are determined so that the function fits the data points at the two largest
R values. The cubic spline fit is restricted to match the function values
and their derivatives at the end points of the data. Our fits to the three
potential curves used in this work are presented in Fig. 1.

The transition dipole matrix elements as a continuous function of R
are obtained by 4-point (3rd order) Lagrange i.nt:erpol:::t:i.onl‘2 of the accurate
ab initio data.?7+48 The fits to the matrix elements are shown in Fig. 2.

The vibrational eigenvalues e:j are obtained by solving Eq. (3) using
Cooley's algorichmag. Once an eigenvalue is found, the values of the

unnormalized wavefunction x%f& are stored on a grid of evenly spaced R values.

The normalization factor is determined by extended Simpson's rule
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1ntegration,42 and the stored values are normalized. Unnormalized continuum
wavefunctions for a fixed energy € are obtained by Numerov integration and
stored on the same grid of R values used for the vibrational wavefunction.
The asymptotic boundary conditions are applied, and the normalization constant

of Eq. (35) is obtained using the method described by Chung, Lin, and Lee.12
The structural factor s*f®i is obtained from Eq. (19), where the
VEIEVidg
summation over the Clebsch-Gordan coefficients 1is straightforward and the
square of the dipole transition matrix element is obtained from Eq. (12).
The integration in Eq. (12) is performed using extended Simpson's rule on
the grid of R values on which the wavefunctions are saved. In the case of
bound-to-continuum transitions, the quantum number vg¢ is replaced by the
energy eigenvalue ¢, but the computational procedure is identical.

The dynamical factor is calculated from Eq. (21). Evaluation of all
of the modified Bessel and Struve functions, including the finite integral
of the Struve function, is accomplished by Lagrange interpolation from the
tables of Abramowitz and Stegun.42 The order of interpolation used is that
recommended in the tables.

The impact parameter method requires that a minimum value of the orbital
angular momentum of the incident electron be supplied to evaluate Eq. (21).
For the comparisons reported here, we have used Hazi's value (bg=l.7 ao).30
In subsequent applications, we define the minimum value of the impact parameter
bg by requiring the cross section from Eq. (32) to agree with that of the
Born approximation at a high energy.30 The choice of bg is discussed further
in the following paper.50

For dissociative processes, the integral over the final energy is

performed using repeated Gauss-Legendre integration. The total range from

€min 'O €pax need not be considered; only a limited range of ¢ values

contributes significantly to the cross sections for all incident energies.




This range is determined by the behavior of the Franck-Condon factors.
Typically 80 to 100 integration points are needed to converge the cross

gsections to 2 or more significant figures.
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IV. RESULTS

In this section we report the results of calculations of various

electron-impact processes in H, using the theoretical impact-parameter methods

2
of Section 1II. The calculations permit comparison with experimental and
other theoretical results. We have studied excitation and dissociation of
ground-state H2 via the B and B' states and the effect of varying initial
molecular vibrational and rotatioﬁal energy on these processes. The latter
studies are the first of their kind for electron impact dissociation to neutral
species.

In Table II we present cross sections for electron impact excitation
from the ground (X) state to the B state of Hz(v=0). Our IPV results are
compared with other theoretical calculations and with experiment. The
comparison is also shown in Fig. 3. Because the level of theory in our IPV
calculations is meant to be comparable to the treatment of vibration in the
ma jority of other theoretical methods, we use the Franck-Condon approximation
for the comparisons in Table II. Our most accurate method employs explicit
numerical integration of the dipole transition moment over the vibrational
wavefunctions of the target molecule.

The agreement of the Born results with our IPV cross sections in Table
I1 is good at energies above 50 eV but poorer at lower energies, where the

Born approximation is known to break down. The fact that the two sets of

Born results appear to have a different low energy behavior is somewhat

disturbing. The difference is larger between the two Born cross sections
than that found 1in comparing the smaller Born cross section with the

Born-Ochkur result (which included exchange). Fliflet and McCoy23 attribute

.

this difference to the use of different final-state wavefunctions. The 1PV -

results are in reasonable agreement with the distorted wave cross sections,

Lie e e
BT
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being somewhat larger at the 1lower energies, The close-coupling results
are also smaller than the IPV cross sections, but the overall agreement of
the present impact parameter method with both of these more exact methods
is within an acceptible 15 percent above 25 eV. The distorted wave and
close-coupling calculations include exchange, which is not treated in the
impact-parameter theory. Exchange effects could be included in the IP method
by the use of effective exchange potentials.51 However, one should then
worry about higher order terms in the expansion Eq. (6).

The experimental results of Srivastava and Jensenl? 1lie about a factor
of two below all of the theoretical calculations. Their experiment did not
directly measure the integrated cross section to all final vibrational states;
it only detected radiation from the v'=2 state. The quantity they measured
was the differential cross section, which agreed well with the distorted
wave calculations of Fliflet and McCoy except in the low angle region, where
the experimental cross section was about a factor of two smaller than the
calculations. The cross section summed over all final vibrational states
was estimated using the Franck-Condon principle. The differences between
the theoretical and experimental cross sections in Table II probably stem
from the smaller values for low angle scattering obtained in the experiment.
The good agreement above threshold among all of the theoretical methods
suggests that the predicted values of the excitation cross sections in this
energy region for the X-to-B transition in “2 are reliable.

In Table III we compare the results for this transition of various
treatments of molecular vibration within the impact parameter method. The
IP method of Hazi,3° which assumes vibrational degeneracy, underestimates
the IPV cross sections obtained with an accurate treatment of vibration (shown
in the right-most column) by approximately ten percent. The use of IPV with

the Franck-Condon approximation shows the improvement over IP that can be
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achieved by including vibrational motion. The IP method implicitly assumes
a sum over bound and continuum vibrational levels, while the IPV method only
includes bound levels. For this comparison, however, the major differences
arise from errors in treating these bound states since the dissociation cross
section is small. This comment applies only for this case (v=0). As will

. be seen below, there is a considerable enhancement of the dissociation cross
section with increasing target vibrational excitation.

Table IV presents results from excitation to the B' state of H2. For
this transition there are fewer calculations for comparison and (to our
knowledge) no experimental results. The most accurate theoretical calculations
available for comparison are the distorted wave results of Mu-Tao, Lucchese,
and McCoy26. These results include bound vibrational states through a
Franck-Condon factor in the differential cross section so that the most
meaningful comparison is with our IPV(FC) calculations in the fourth column.
The agréement with the present IPV cross sections 1is typically to within
thirty to forty percent of the distorted-wave result. The agreement between
the present results and the Born calculations of Arrighini et. al.l5 ig poor,
the difference being a factor of four at low energies. The simple IP method
overstimates the IPV and DW cross sections by approximately a factor of two.
This 1is due to the implicit sum over continuum states discussed above for
the IP method. The sum over all bound vibrational levels of the B' state
of the Franck-Condon factors involving ground-state H, is 0.48, so that

2

approximately fifty percent of the IP cross section comes from the continuum.

This comparison of the IP and IPV cross sections indicates that a realistic -1
treatment of molecular vibration is important for this transition due to
the importance of dissociative processes.

In Table V we present cross sections for the production of H(ls) + H(2s) o

via excitation to continuum levela of the B' state. The agreement between ffJ




the various theoretical results is good; the largest difference is less than
twenty percent at energies above the maximum in the cross section. The
theoretical results all lie approximately fifty percent below the experimental
results of Vroom and de Heer. The latter have been scaled by 0.8 as suggested
by Mumma and Zipf34 to correct for molecular radiation observed in the
experiment. Because the experimental cross sections contain contributions
from other states that produce H(ls) + H(2s), they are expected to be larger
than the theoretical calculations. Figure 4 illustrates these results and
shows the good agreement of the various theoretical treatments.

In Fig. 5 the effect of increasing the energy in molecular vibration
(up to v=3) for the bound-bound X-B transition is shown. For this range
of vibrational quanta the cross section doubles. In Fig. 6 the corresponding
vibrational dependence for dissociative excitation is seen to be even greater,
although the cross sections are smaller than for nondissociative excitation.
The enhancement in both cases results form the larger Franck-Condon factors
for the excited vibrational levels of the X state.

In Fig. 7 the vibrational dependence of the <cross section for
nondissociative X-B' excitation is shown. Instead of increasing monotonically
with v, the v=1 and v=2 cross sections reverse order. The cross sections
for dissociation to H(ls) + H(2s) in Fig. 8 are monotonically decreasing
with v, in contrast to all of the other processes discussed here. Again,
this behavior 1is primarily determined by the magnitude of the structural
factor.

The impact parameter method as formulated in this work is capable of
providing information on final-state vibrational distributions. In Fig. 9
we show vibrational distributions for both the B and B' states resulting
from electron-impact excitation from the ground vibrational 1level of the

X state. The two distributions reflect the difference in the number of
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vibrational 1levels supported by the two excited electronic states. Both
the B and B' distributions have maxima for v>0, indicating a preference for
vibrationally inelastic processes.

Table VI presents the rotational temperature dependence of the X-B
excitation of Hz initially in the ground vibrational state. The cross section
increases by approximately forty-five percent over the temperature range
from zero to 20,000 K. The corresponding dissociative cross section (not
shown) to form H(ls) + H(2p) increases by thirty percent over the same range
of temperatures. For v=0 the dissociation cross section has a maximum for
300 K of 2.9x10-19 cm2 at 50 eV compared to S.6x10-‘17 cm2 for the bound-bound
excitation. For the X-B transition bound-bound transitions dominate over
bound-continuum processes regardless of rotational temperature or initial
vibrational temperature. The effect of initial vibrational energy 1is much
more significant than the effect of rotational temperature.

In Table VII the nondizsociative excitation ccross section for the X-B'
transition decreases monotonically with temperature. This is the opposite f;;
of the behavior seen in Table VI for the X-B transition. The explanation
lies in the far fewer bound rotational states that can be supported by the v
B' electronic state. At higher temperatures, therefore, the tail of the
Boltzmann distribution becomes severly truncated. The cross sections for
dissociation through the B state, shown in Table VIII, increase monotonically
with temperature. We also found this increase with temperature for the X-B
dissociation cross sections. We are not reporting the latter since they

are small in magnitude for v=0 {(the only case studied when rotational motion

was included) and the trends follow those for the B' state.
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V. CONCLUSIONS

The purpose of this work was to extend the impact parameter method for
diatomic molecules to permit a realistic treatment of vibrational and
rotational motion and to allow the study of dissociative processes. To test
the theory, applications were made to nondissociative excitation of the B
state of Hy and to dissociation to H(1ls) + H(2s) via the B' state. Agreement
with previous theoretical results is generally good. Comparison with
experiment was hampered by the lack of direct experimental 1nformati§n for
the processes we studied. However, the magnitudes of the theoretical cross
gsections are very consistent with our understanding of the processes probed
by the experiments. New results from this work include the dependence on
initial vibrational state and rotational temperature of nondissociative and
dissociative processes involving the X, B, and B' states of H;. While the
dependence of the cross sections on initial rotational temperature is modest,
we find that increasing initial vibrational energy can have a dramatic effect
on the cross sections. There is to our knowledge no experimental data
providing information on the effect of internal energy on the processes
reported here. However, the trends we find concerning the effect of internal
energy on dissociation are similar to those seen in dissociative attachment
processes in Hj. 52,33

In summary, the impact parameter theory presented here should be useful
in studying the effect of internal energy in excitation and dissociation
processes in diatomic molecules. It is a first order theory, and thus is
most valid at high energies, i.e. at some distance above threshold. It is
also best applied to qualitative studies of integral «cross sections.
Applications of the methods developed here to heavier diatomic molecules

are given in the following paperso and in forthcoming publicatiom;.sl“55
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represent the Born-~Rudge results of Ref. 12 and the triangles represent
the LZ distorted-wave results of Ref. 23. The experimental results of
Ref. 30 (multiplied by 0.8 according to the recommendation of Ref. 31)
are shown as bullets. The experimental results include contributions
from states other than B’ lzt.

Dependence of the cross section (summed over final vibrational states)
for excitation of the B 123 state on initial vibrational quantum number
(in units of 10"17 cm2), The solid curve represents v=0, the dashed curve
v=1, the long dash-short dash curve v=2, and the long dash curve v=3.
Dependence on initial vibrational quantum number of the electron impact
dissociation cross section to produce H(1s) + H(2p) via the B 1z} state
of Hy (in units of 10718 cm2). The solid curve represents v=0, the dashed
curve v=1, the long dash-short dash curve v=2, the long dash curve v=5,
and the long dash-double short dash curve v=10.

Dependence of the cross section (summed over final vibrational states)
for excitation of the B' 123 state on initial vibrational quantum number.
(in units of 10~18 ¢m?)., The solid line represents v=0, the dashedline
v=], the long dash-short dash curve v=2, and the long dash curve v=3.
Dependence on initial vibrational quantum number of the electron impact
dissociation cross section to produce H(ls) + H(2s) via the B' 15} state
of Hy (in units of 10718 ¢m2). The solid curve represents v=0, the long
dash-short dash v=1, the long dash curve v=2, and the short dash curve
v=3,

Final vibrational distributions (in units of cm?) of the B lr{ and B' l1}

states of Hyp resulting from electron impact excitation of the X 123 (v=0)

state.
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FIGURE CAPTIONS

Potential energy curves for the three states of H; studied in this work.
The X IZE and B 123 potentials are fits to the calculations of Kolos
and Wolniewicz (Ref. 40 and Ref. 41, respectively), while the B' 123 poten-
tial is a fit to the data of Spindler (Ref. 42).

Dipole matrix elements used in the calculations. The matrix element
for the X IZE to B 183 transition is a fit to the calculation of Wolniewicz
(Ref. 44) while that for the X IZE to B' 1z} transition is a fit to
the calculation of Ford (Ref. 45).

Electron-impact excitation cross sections (units of 1017 cm2) for the
X IZE (v=0) to B lr}{ transition in H,. The solid curve represents the
results (summed over final vibrational states) of the present
impact-parameter IPV cross section {[Eq. (31)] with the Franck-Condon
approximation used to evaluate the vibrational integrals. The circles
and bullets are the results of Born approximation calculations (Ref.
16 and Ref. 20, respectively). The triangles are from the L2 distorted
wave calculations of Ref. 20. The asterisks are the Born-Ochkur
calculations of Ref. 16, and the squares are the results of two-state
close-coupling calculations. The vertical 1lines represent error bars
for the experimental results of Ref. 29.

Electron-impact dissociation cross sections (in units of 10°18 cm2) for
production of H(ls) + H(2s) via excitation of the B' lr{ (v=0) state of
Hyo. The solid curve is the result of applying the IPVD method of Section
IT1.B with accurate numerical evaluation of the integrals over vibrational
wavefunctions. The dashed curve represents the IPVD result when the

Franck-Condon approximation is used to evaluate the integrals. The squares

69

o

NG S Rl avak pus AVl oS St aihe JneA”asuts




[l el il s i Sl s At i i A A A

TABLE A-VIII. Rotational temperature dgpendence of the cross section for
dissociation of H2 through the B” state.

Temperature (Kelvin) iu

E(eV) 0 4.2 300 1000 5000 20000 ‘

20 2,28  2.28  2.31  2.40  2.77  2.96

30 3.06  3.06 3.1  3.24  3.77  4.04 ]
40 3.46 3.6  3.51  3.65  4.21  4.49 .
50 3.52  3.52  3.57  3.70  4.25  4.53 ;
60 3.45  3.45  3.49  3.62 4.4 4.4l =
80 3.19 3.19  3.23  3.34  3.81 4.05 f}
100 292  2.92  2.96  3.06  3.48  3.69 o
150 2.38  2.38  2.42  2.50  2.84  3.00 j;
200 2.02 2,02 2.06  2.12  2.40  2.54
250 1.76 1.76 1.78 1.84 2.08 2.20 iﬁ
300 1.5 1.5  1.58  1.63  1.85  1.95 .

8 Cross sections are in units of 10-18 cmz. .




TABLE A-VII. Rotational temperature dependgnce of the cross section for
electronic excitation to the B” state of H,.

Temperature (Kelvin)

E(eV) 0 4,2 300 1000 5000 20000
20 2.10 2.10 2.10 2.14 1.87 1.65
30 2.90 2.90 2.89 2.94 2.57 2.27
40 3.15 3.15 3.14 3.19 2.78 2.44
50 3.13 3.13 3.12 3.17 2.75 2.42
60 3.03 3.03 3.01 3.06 2.65 2.32
80 2.82 2.82 2.74 2,78 2.4 2.12

100 2.50 2.50 2.49 2.52 2.18 1.92

18 2

8 Crose sections from Eq. (29) are in units of 10 = em‘.
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TARLE A-VI. Rotational temperature dependsnce of the cross section for
electronic excitation to the B state of HZ.

Temperature (Kelvin)

E(ev) 0 4,2 300 1000 5000 20000
15 3.87 3.87 3.89 3.94 4.31 5.53
20 4.47 4,46 4.49 4,57 5.15 6.83
25 5.25 5.24 5.27 5.37 5.97 7.63
30 5.61 5.60 5.63 5.72 6.31 7.93
35 5.72 5.70 5.74 5.82 6.39 7.91
40 5.68 5.67 5.71 5.79 6.32 7.75
45 5.58 5.57 5.60 5.68 6.19 7.54
50 5.45 5.44 5.47 5.54 6.02 7.29
60 5.14 5.14 5.15 5.23 5.66 6.81
80 4.55 4,55 4,57 4.63 5.00 5.95

100 4.07 4.06 4,08 4.14 4,45 5.27

8 Cross sections from Eq. (29) are in units of 10-17 cn?.
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TABLE A-V. Electron impact dissociation cross sectiogs for production
of H(ls) + H(28) via excitation to the B” state of H,.

E(eV) BR® ow® revp(re)® 1evp®  Exe.f
20 1.98 1.48 2.32 2.24

30 3.23 3.12 3.02

40 3.91 4.46 3.54 3.41

50 3.60 3.47  6.17
60 3.75 4,41 3.52 3.40  5.94
70 3.40 3.28

80 3.41 3.26 3.14  5.50
90 3.12 3.00

100 3.09 3.41 2.99 2.88  5.08
150 2.50 2.44 2.35  4.19
200 2.10 2.07 1.99  3.62
250 1.80 1.73  3.10
300 1.60 1.5 2.69

18

8 Cross sections are in units of 10 cmz. Results are for 0 K,

b Born-Rudge results of Ref. 12,

¢ L2 distorted-wave results of Ref. 26.

d Impact parameter results with IPVD cross section from Eq. (42)
evaluated using the Franck-Condon approximation for vibrational integrals.

e Impact parameter results with IPVD cross section from Eq. (42)
with the vibrational integrals evaluated numerically.

£ Experimental results of Ref. 33 scaled by 0.8 according to
the recommendation of Ref. 34. The experimental cross section
contains contributions from states other than B”.
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TABLE A-IV. Cross sections for Slectron impact excitation
from the X to the B” state of H,.

E(eV) Born® pw® 1pd 1pv(re)®  1pvE
20 8.88 1.7 4.03 1.93 2.14
30 3.9 5.49 2.66 2.95
40 4.8 6.19 2.89 3.21
50 9.41 4.9 6.28 2,88 3.19
60 4.7 6.14 2,78 3.08
70 4.4 5.91 2,66 2.94
80 4.1 5.79 2.53 2.80
90 3.8 5.42 2.41 2,67

100 6.75 3.4 5.18 2.30 2.54

18 cmz. Results are for 0 K.

® Cross sections are in units of 10~

b Born Results of Ref. 15.

¢ L2 distorted-wave results interpolated from Fig. 4 of Ref. 26.

d Impact parameter IP results from Eq. (32) corresponding to the
original method of Hazi [Ref. 30] which assumes vibrational degeneracy.
Continuum contributions, implicit in this method, are large for this case.

€ Impact parameter results with the IPV cross section of Eq. (31).
The vibrational integrals are evaluated using the Franck-Condon approximatiou.

£ Impact paremeter results with the IPV cross section of Eq. (31).
The vibrational integrals are evaluated using numerical integration.




TABLE A-III. A comparison of vgrioua impact-parameter approximations
for the X to B excitation of H,.

E(eV) 1p° 1PV(FC)S 1py? Ei?
15 3.47 3.61 3.87
20 3.83 4.10 4.47
25 4.58 4.84 5.25
30 4.95 5.19 5.61
35 5.09 5.29 5.72
40 5.08 5.27 5.68
45 5.01 5.18 5.58 2
50 4.90 5.06 5.45 -
55 4.78 4.93 5.30 -
60 4.64 4.79 5.14 .
70 4.39 4.51 4.84 E;
75 4.26 4.37 4.69 o
80 414 4.25 4.57 =
85 4,02 4,12 4.42 '
90 3.91 4.01 4.30
95 3.81 3.90 4.18
100 3.71 3.80 4.07

17

8 Cross sections are in units of 10 cmz. Results are for 0 K.

b IP results of Eq. (32) corresponding to Hazi”s method of Ref. 30.
Continuum contributions (emall in this case) are implicitly included.

€ IPV results of Eq. (31) with the Franck-Condon approximation used

to evaluate integrals over the vibrational wavefunctioms.
d

IPV results of Eq. (31) with the integrals over vibrational
wavefunctions evaluated explicitly.
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TABLE A-II. A comparison of the present impact-parameter results Sot the -
electron-impact excitation of the B-~state of H, with other results.

E(eV) cc® Born 1°  Bod pw®  Born 11f  1pV8 Exp.D

15 1.05 3.60 3.61 1.410.4 -

20 3.09 5.23 4.10 1.9+0.6 )
25 431  6.66 5.31 4.12 5.64 4.84

30 4,46 5.69 5.19  2.0:0.6

40 4.93 5.43 5.27 2.3:0.7 .
50 4.71  5.55 5.14 4.84 5.06 5.06 2.810.8 :
60 4.49 470 479 1.9:0.6
75 4.09  4.55 4.36 4,37 _
100 3.58  3.87 3.76 3.80

17

8 Cross sections are in units of 10 cmz. Results are for 0 K.

b Two—-state close-coupling reslts of Ref. 16.

Born results of Ref. 16.

Born-Ochkur results of Ref. 16.

L2 distorted-wvave results of Ref. 23.
£ Born results of Ref. 23,

€ 1PV results of the present work from Eq. (31) with Franck-Condon
evaluation of vibrational integrals.

Experimental data from Ref. 32.
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TABLE A-I. Nuclear spin degeneracy factors required for homonuclear
diatomic molecules in sigma states,

d.
R J
+ - - +
g or u and 2I+]1 even g or u and 2I+l even
_ 4 Or + _ or
g or u and 2I+1 odd g or u and 2I+1 odd
even j (1+1)(21+1) 1(21+1)
odd j I(21+1) (1+1)(21+1)

E -t 22 33 2 3 3 23t 43 3323 13 324 243 3 3 P 14 2 4-1-2 3 2 303 J 33 1 12321 13 2 22 $-t13 2 t 4 3 2324 312 3 213 ]
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APPENDIX B

MCSCF Calculations of the Potential Curves
and Dipole Transition Moments for Low-Lying States

of O2 and S2

by

L. T. Redmon and R. N. Diffenderfer

Chemical Dynamics Corporation
1550 West Henderson Road
Columbus, Ohio 43220
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This paper describes multiconfiguration self-consistent field (MCSCF)
calculations of potential energy curves for low-lying states of 0 and Sj.
The states of interest are those to which transitions from the ground state
are dipole-allowed. The dipole transition moments are also presented here.
The results of dynamical calculations of electron impact cross sections

employing the present data are given elsewherel-2,

02

The potential curves for Oy, were obtained using a basis set of 44 atomic
orbitals, This contracted set was designed by starting from Dunning's é4s
3p basis set3, adding d orbitals with exponents of 1.21 and 0.2, and adding
a set of diffuse p orbitals (with orbital exponents of 0.03) to describe
the Rydberg character of these states. The first 3Hu and 32; states have
been shown®"6 to become Rydberg-like at short internuclear distances as a
result of avoided crossings of Rydberg and valence type diabatic states. In
the case of the 3ﬂu states a multiconfiguration (MC) space consisting of
the 48 terms resulting from the full excitation of the 2022033021ﬂ31ﬂ;30i val-
ence reference configuration into the 1ﬂg and 30u orbitals is sufficient to de-
scribe the purely repulsive potential. The MCSCF method is even able to
describe this state in its Rydberg region because of its ability to change
the orbitals from valence to Rydberg type in order to satisfy its optimal
variational requirements. However, the method would not be expected to
describe both the upper and lower states in the avoided crossing region unless
the MC gpace is expanded.

3

Since we have not obtained exact (full CI) results for the X and Hu

states, the orbitals in terms of which they are described are not perfectly
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orthogonal to each other. Our transition dipole moment codes require
orthogonality. Therefore, there are two ways of obtaining matrix elements
between these states. We can use the (optimal) ground state orbitals to
obtain a nonoptimal (though variational) wavefunction for the pi state and
then evaluate the moment, or we can use the pi~state orbitals to obtain a
ground state wavefunction. In practical cases, two different values of the
dipole transition moment are obtained. As the MC space is enlarged, increasing
the flexibility of the wavefunction, the discrepancy should decrease since,
in the limit that the MC space becomes the full CI, all orbital choices give
the same result. The transition dipole moments we report have been evaluated
using the orbitals optimized for the upper state. Because the X-to-pi dipole
transition moments were very small, no improved calculations were done.

On the other hand, the transition dipole moment between the X state
and the B3Z; state has been shown%:7 to be on the order of unity. The B
state is known experimentally to be bound by 1.01 eV. However, MCSCF
calculations for the B state (in the basis set described above) using a
configuration space analogous to that used for the pi state calculations
shov no binding. The wavefunctions of ref. 7 for the B state are slightly
better, but s8till rather poor in both the valence region and particularly
in the Rydberg region, where their basis set is inadequate.

Our calculations on the B state were modelled after the selection of
(19) configurations of ref. 7. We exclude their last two terms (by requiring
that ZGU remain doubly occupied), but include a total of 158 configurations
resulting from expanding the valence orbital space to include a set of 2u
orbitals. Rather than using the CAS-MC (i.e., the full CI within this orbital
space), configurations were allowed subject to (a) not more than one electron

in the 27 orbitals and (b) a total of at least two electrons in 30g and 30u.

P




With this MC space, the description of binding (relative to the 3P + 1D

asymptote) was improved considerably. OQur value (relative to the total energy
at a separation of 8 ao) was 0.74 eV.

It is well known that avoided curve crossings can cause difficulties
in the convergence of MCSCF wavefunctions because the solution at a preceding
point on the potential curve is likely to be a relatively poor starting point
when the character of the wavefunction has changed significantly. Moreover,
we were able to obtain multiple solutions for certain values of the
internuclear separation R. In particular, in preceding from large values
of R to smaller ones, we obtained wavefunctions in to R = 2.1 ao. Inside
of this, convergence problems were encountered. After much difficulty,
solutions were obtained for the Rydberg-~like portion of the curve (as far
in as R = 1.8 ao). Following the solutions from small to large R-values,
we obtained a solution higher in energy than the previous one at R = 2.281,
and at R = 2.4 the solution returned to the one previously found. I.e.,
between R = 2.1 and 2.4 we have two solutions. The transition moment with
the X state (using the B-state orbitals) is large for the ''valence-diabatic”
wavefunction and smaller for the Rydberg-like one. The ground state curve
is less well described by the latter orbitals because of its valence character.
If we choose to use the B-state orbitals from the solution with the lower
total energy, we obtain a discontinuous curve for the transition moment (and
for the ground state energy). We also know that using X-state-optimized
orbitals to evaluate the transition moment will not be accurate either; it
yields values similar to those of the valence-diabatic B-state orbitals. Thus,
treatments which do not account for valence-Rydberg mixing cannot obtain
correct values for the transition moment.

To improve the accuracy of the moments and the agreement between the

values obtained with the two orbital sets, we expanded the MC space f{using




he same basis set) to 310 configurations. This expansion mainly involved
idding single excitations to an additional set of pi orbitals; we also allowed
he 30g3ou pair to be only singly occupied. We redid the calculations for
t-values of 1.8-2.4 a . At R = 2.4 we were able to obtain an MC310
vavefunction starting from the MC158 orbital solution. However, this new
solution could not be used for smaller R. We redid the calculations for
t = 1.8 starting from the MC158 orbitals, and we were able to move to larger
! and obtain an energy which differed (from the point at R = 2.4 ao) by only
)J.0065 eV. The energy difference between the lowest values obtained from
4C310 and MC158 at R = 2.4 a is only 0.12 eV, so the dipole transition moments
for larger R were calculated from the smaller MC.

The MC310 configuration space used for the B state also facilitates
study of the 232; (or E state) potential, at least for R > 2.1 a. This
curve comes in from the same asymptotic limit as the B state, but the potential
is purely repulsive in the valence region. Near R = 2.75 a, it undergoes

an avoided crossing with the same Rydberg state that affects the B state

near R = 2.25 a . In this case, a relative maximum occurs in the potential
near R = 2.75 a The curve then follows the Rydberg diabat until it must
assume valence character near R = 2,25 a- At this point the magnitude of

the transition moment rises dramatically to values approaching unity. Thus
as has been previously observed,4 the dipole transition moments to the B
and E states undergo a crossing where their potentials have an avoided
crossing. Unfeortunately, difficulties in the MCSCF calculations occur for
R < 2.05, probably indicating an avoided crossing with a second Rydberg
state.

The results of the calculations are summarized graphically in Figure

L. The solid line marked by '"X" and the dashed curve marked by dots are
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MC48 calculations for the ground and pi states, respectively. The absolute
values of the X to pi dipole transition moments (M) are marked by dots in
the upper portion of the figure. The two sets of MC158 results for the B
state are indicated by the open circles, and the dipole transition moment
is marked accordingly. The MC310 calculations for the B and E states are
marked by asterisks and squares, respectively. The long-dashed curve (marked
with squares) 1is the ground state MC310 curve obtained using the
E-state-optimized orbitals. The unmarked lines show the available RKR data
for the X and B states, with the ground state minimum arbitrarily plotted

at -149.8 au. A portion of the data for Fig. 1 are given in Table I.

S2

A basis set of 54 atomic orbitals was used for Sy. It consisted of
the 68 4p contracted set of McLean and Chandler8 augmented by a set of diffuse
p functions? (exponent = 0.62) and a set of d orbitals with exponent 0.12.

Although S, and 0Oy have analogous excited state spectra, the potential
energy curves differ considerably in shape. The asymptotic limits are closer
together in Sy, but the ground state is less bound than Oj. The diabatic
Ryvdberg ectate is also shallower. As a result, no avoided crossing occurs
in the first 3”u state or the 332; state outside of R = 3.0 a,. (Calculations
without dJdiffuse functions have been reported for these two states. 10
Calculations of Rydberg character in states of other symmetries have also
appeared.’ 1) As in 0y, the 232; state has a local minimum.

The toral energy curves and dipole transition moments (from the ground

state) for these three states are shown in fig. 2. Because the pi state
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of greater importance in S (for dynamical reasonsl) calculations were
e using the MC48 analogous to that for O; and using a 183 term MC. The
ter orbital space was similar to that for the B state (analogous to the
B sgtate calculations), except that 6og and 6ou orbitals were included ;;ﬁ
itead of a 27 set and single excitations from 40u were allowed. The dashed
've with data points marked by dots is from the smaller treatment, and
> one with pluses is from the MC183. The larger MC calculations are required
order to obtain a very slight binding in this state.
The B state calculations employed a 162 term MC. This configuration
ace was the same as the analogy to the MC158 for 0j, except that SOg and
could be unoccupied. The B state data is marked by open circles, and -
e long-dashed curve is the ground state resulting from the B-state-optimized
bitals.
When comparable MC's are used for the B and pi states, their energy
rves nearly coincide over a significant range of R. This is in agreement
th the experimental observationl?,13 of their interaction.
The calculations for the 232; state used 162 terms in the valence region
4 310 terms in the Rydberg region, The data are marked by triangles and
nares, respectively. The local minimum occurs at a shorter distance
elative to the ground state equilibrium distance) than in 0O); because the
state includes the minimum of the Rydberg diabatic state (whereas the B
ate did in 0j3). The location of this potential and the root-flipping
fficulties encountered in the MCSCF calculations for smaller R indicate
at interaction of the Rydberg diabat with the B state near R = 3.0 au is
obable. We note that the magnitude of the dipole transition moment between
is state and the ground state is significant for values of R near their
nima. We expect that for values of R < 3.0 a, the dipole transition moment

» the 2 X; state will probably be larger than that to the B state.
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RKR data for the X and B states are indicated by solid unmarked lines

dots. The X state minimum has been arbitrarily shifted to -795.15 au.

Selected data from Fig. 2 are given in Table 2.
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Experimental observation of the 03 Schumann-Runge photodissociation

continuum dates back to the early work of Landenburg, Voorhis, and Boycel.

'Since then, many photometric techniques have been applied to quantitative

measurement of the absorption spectrum2 and, more recently, an electron
energy-loss spectrum has been measured for this system.3 The absorption
spectrum is asymmetric. It peaks near the transition energy of 8.61 eV and
falls off rapidly for higher energies. The more recent experiments3'5 show
fine structure in the spectrum.

The first theoretical calculations of the 0y X3E; - 332; photodissociation
continuum that were based on full potential energy curves were those by Jarmain
and Nicholls® and Bixon, Rez, and Jortner?. These studies used realistic
potentials for the bound part of the B state, but the repulsive parts of
these potentials were extrapolations. Their computed continuum absorption
spectra were much more symmetric than the observed spectrum. In an attempt
to reproduce the rapid falloff at high transition energies, Allison’ proposed
that a part of the B-state potential was less repulsive than those previously
used and that the dipole transition moment MXB(R) should decrease rapidly
as the internuclear distance R decreased.

Bixon, Rez, and Jortner? attributed the fine structure in the absorption
spectrum to continuum resonances resulting from the bound nature of the B-state
potential. Jarmain and Nicholls® also used a bound potential for the B-qtaCe
and observed no structure in their calculated Franck-Condon factors. Huebner
et. al.3 interpreted the small peaks at low energies as contributions from
transitions to a 3“8 Rydberg state.

Since the last theoretical calculations on this system, ab initio

potential energy curves for the B state V_, and the X-to-B dipole transition

moment Mxn have been calculated as a function of R.8:9 An avoided crossing

..........
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between the B and E states occurs near the X-state equilibrium geometry.
This causes VB(R) to have a shoulder in its repulsive wall and MXB(R) to
change rapidly in this region. We find that this shoulder in VB(R) is
responsible for the rapid decrease and fine structure 1in the absorption
spectrum at high energies.

* In this paper we present continuum oscillator strengths df/dE as a
functibn of transition energy AE calculated using the most accurate potential
curves and dipole transition momentsl0 available and compare them with the
"apparent" df/dE obtained from the experiments of Huebner et. al.3 The
potential curves for the X and B states of 0; are shown in Fig. 1 and described
in reference 10. The bound parts of the potentials are from RKR data (see
reference 2). The repulsive part of the B-state potential is from ab inmitio
data? in to R = 1.8 a, and is an extrapolation for smaller R. At R = 1.8
a, the B-state potential energy is 11.6 eV above the ground-state vibrational

energy in the X-state potential. The continuum oscillator strength goes

to zero for energies above 10 eV; therefore, the potential is known over

a sufficiently wide range of R for the present calculations.

The ab initio dipole transition moment? for the X-to-B transition HXB(R)
is shown as the long-dashed curve in Fig. 1 and described in Ref. 10. As
a test of the accuracy of the computed MXB(R) we calculated absolute oscillator
strengths fv,v w for bound X-to-B transitions for v" = 0, 1, and 2 and v’
= 0 to 20. These are compared with experimental resultslls12 in Table I.
The accurate calculations evaluate fv'v" by numerical integration (over R)
of the product of the initial and final vibrational wavefunctions and MXB(R),
and the Franck-Condon approximation assumes MXB(R) is constant and equal

to its value at the equilibrium geometry of the X state. In general, the

calculations employing the Franck-Condon approximation (FC) give oscillator
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strengths which are smaller than the numerically accurate ones. For v" =
0 and 1 the errors are systematic, both calculations underestimate experiment
at low v' and overestimate at high v'. Therefore, the accurate results are
better at low v' and the FC ones are better at high v'. The worst errors
are for v' = 17; for v" = 0 the accurate and FC results are too high by 43%
and 23%, respectively, and for v" = 1 the errors are 29% and 14%. For v'<1l6
the ac;urate results are within 17.5%2 for v" = 0 and 8.5% for v" = 1, and
the errors are even smaller for v'<1l0. For v" = 2 the errors are not as
systematic but the accurate results agree within 247 and the FC results agree
within 27%. For higher v', the vibrational wavefunction 1is determined by
parts of the potential that are 1less accurately known, the vibrational
wavefunction is more diffuse, and a greater range of MXB(R) is sampled. The
overall agreement with experiment is acceptable, especially at low v', so
MXB(R) should be sufficiently accurate for calculating nearly quantitative
values of continuum oscillator strengths.

To elucidate the effect of the avoided crossing in the B-state potential
on df/dE, calculations were also performed using a B-state potential curve
in which the avoided crossing was removed. This curve was obtained by
extrapolating the RKR data using the functional form VB(R) = ar"} exp(-BR),
where the parameters are determined by matching the points at the two smallest
R values available. This model potential curve is shown as a dashed line
in Fig. 1.

The computéd df/dE are shown in Fig. 2; the solid and short-dashed curves
are those obtained using the accurate and model potentials, respectively.
These calculations are for transitions (of energy AE) from the ground
vibrational level (v" = 0) of the X-state to the B state; rotational motion

is neglected. The results using the accurate B-state potential show a much
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more rapid falloff at higher energies and also exhibit an interesting second
peak past 9.0 eV. The results using the model B-state potential lack both
these features and exhibit only the usual nearly symmetric single maximum.

The lack or presence of these features can be better understood by
considering the overlap of the ground vibrational and continuum wavefunctions,
Xo(R) and xe(R), respectively. For the model B-state potential, the major
peak in xe(R) shifts gradually to the left as the transition energy is
increased. At energies near 7.1 eV, only the exponential tail of x¢(R)
overlaps with X,(R) so df/dE is small. As the energy is increased the overlap
increases as the major peak becomes centered over Xo,(R). The overlap then
decreases because of negative contributions from the next peak in X¢(R).
Near 9.4 eV df/dE goes to zero when the contributions perfectly cancel; above
9.4 eV df/dE remains small because of this cancellation.

The maximum in df/dE for the accurate potential occurs at a higher energy
(than for the model potential) because the accurate potential is more repulsive
for energies below 8.9 eV. The rapid drop in df/dE and its second maximum
are better understood by examining Fig. 3 which shows Xe(R) for the transition
energies 8.9, 9.04 and 9.14 eV, corresponding to the extrema in df/dE. As
the energy is increased from the B-state energy at the avoided crossing (8.9
ev), xE(R) shifts rapidly to the left and its major peak moves from a position
of favorable overlap to one of less favorable overlap with the ground-state
vibrational wavefunction xo(R), accounting for the first maximum and =zero
of df/dE. The second peak in df/dE is caused by the overlap of the un-usually
large second peak in xE(R) with xo(R).

In the previously described calculations of df/dE, we numerically
integrated MXB(R)’ xo(R) and XE(R) over R. In Fig. 2 we also show the results

of calculations employing the Franck-Condon approximation as the long-dashed
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curves. Although there are quantitative changes in df/dE at low energies,
the qualitative features discussed above are still present in these
calculations. This indicates that these features are the result of the shape
of VB(R) and do not depend strongly upon the shape of MXB(R).

To compare with the experimental results for df/dE, we average our
computed df/dE over a 300 K and 1000 K distribution of initial vibrational

and rotational states and sum over final orbital angular momentum,

= o! “Evyjy/ k8T
<df/dE> . = Q }E e dfy,jy0¢/9E (»
viig Le

where the rovibrational partition function is given by

Q. = z e Evais/enT . (2)

viii

€viii is the rovibrational energy level of the X state for vibrational state
vi and rotational state jy, kg is Boltzmann's constant, and deijiﬁf/dE is
the continuum oscillator strength per unit energy for transition from state
vijj of the X state to the B state with orbital angular momentum %£¢. (Note
that only odd j states are allowed for the X state and Aj=+l1 transitions
are optically allowed.) The computed <df/dE>yp for the accurate potential
is compared with experiment3 in Fig. 4. Although the calculated peak is
a little too high and too narrow, the falloff at high energies 1is in
qualitative agreement with experiment.

In conclusion, the rapid decrease of df/dE and the presence of structure
at higher energies are due to an avoided crossing in the B-state potential
curve. A rapid variation in MXB(R) is not necessary, as evidenced by the

validity of the Franck-Condon approximation for this transition.
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ipole transition moments vanish asymptotically. Muiaf(R) is extended to

arge R values by fitting the functional form

Mmiaf(R) = C exp(-DR) (3)

o reproduce Muiaf(R) at the two largest R values in the interpolated regiun.
ubroutines for generating the transition dipole moments and potentials

sed in this work are available from the authors.

1. 04

Transitions were considered from the ground electronic state of 0p (X32;)
:0 three electronic states: the two lowest states of 32; symmetry (labeled
3 and E) and the lowest state of 3ﬂu symmetry. The potential curves for
:hese states are illustrated in Fig. 1.

For the X state, the RKR data compiled by Krupenie1 was used in the region
from 0.9761 Z to 1.7915 Z and the results of Saxon and Liu22 were used from
L.852 Z to 5.292 Z. The Saxon-Liu results were shifted to have the
axperimental asymptotic value at 10.584 Z.

The RKR data for the B statel were used for values of the internuclear
separation between 1.33515 ; and 2.57557 ;. The results of Saxon and Liu?>
vere used from 2.646 to 5.292 ;. The ab initio points were shifted to  have
:he experimental asympotic value at 10.584 Z. From 0.953 to 1.270 ;, the
-esults of Redmon?® were used. The points were adjusted to match the inter-
>olated RKR data at 1.376 Z.

No RKR data are available for the 3"u and E states so the fits were to

o
ib initio data. For the 3"u state, the data points at 0.953 A and for
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II. INPUT DATA

A. Potential energy curves and dipole transition matrix elements

All potential energy curves and transition dipole moments are fitted
as described in paper I: the potential is fitted to the available
experimental and/or ab initio data points by a cubic spline function and

represented at smaller R values by the functional form

V(R) = A R"1 exp(-BR) (1)

where the parameters are determined by requiring that Eq. (1) reproduce
the two innermost data points. For R values larger than the spline-fit

region, the potential has the functional form

V(R) = Vg - Cg R™® - cg R™8 (2)

where Vg is the experimental dissociation energy and the parameters are
determined by requiring Eq. (2) to reproduce the outermost potential data
points. The cubic spline function is fitted so that the first derivatives
at the left and right ends of the spline-fit range match the derivatives
of the functional forms of Eqs. (1) and (2), respectively.

Over the range of internuclear distances for which dipole transition
moments are available, My ., (R) is fitted by fourth-order Lagrange
interpolation. For smaller values of R, the dipole transition moment is
assumed to be constant and equal to the value at the smallest R value for

which data 1is available. For all of the transitions considered here, the
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In this paper, electron-impact cross sections for optically-allowed
transitions of ground state 0; and S to bound and dissociative states are
presented. The cross sections are for conditions relevant to laser plasmas:
initial relative translational energies are taken from threshold to 25 eV,
initial vibrational states are Bselected from the 1lowest few states, and
rotational distributions are characterized by temperatures from 0 to 1000
K.

The impact parameter (IP) method for diatomic molecules as presented
by Hazill,12 jq designed to treat optically allowed transitions. 1In the
preceding paper13 (paper 1) the present authors extended the IP method to
treat excitation of vibrationally and rotationally excited initial electronic
states to either dissociative or bound energy levels of the final electromic
states. The 1P method has been shown to give reliable estimates of integral
cross sections for high-energy collisions which are comparable to those
obtained from the Born approximation and other '"plane-wave" methods8,14-23,
and it agrees well with theoretical methods which are not based upon
plane-wave approximationsll’13. Although the assumptions of the IP model
may often not be valid at low energies, it can still provide qualitative
information about the effects of vibrational and rotational energy on the
cross sections in this region.

The impact parameter method 18 described in detail in paper I. Section
I1 describes the data input into the IP calculations. Both RKR
(Rydberg‘Klein-Reeaza) and ab initio electronic structure data are combined
and fitted to obtain the best possible potential curves. The dipole
transition matrix elements are obtained from ab initio calculations. The
Born calculations used to calibrate the IP calculations are also presented
in Sec. II. In Sec. III the results of the dynamical calculations are

presented. Section IV discusses the results and Sec. V summarizes the study.
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I. INTRODUCTION

The electronic excitation and dissociation of 0 in collisions with
low-energy electrons is an important process in the photochemistry of the
upper atmosphere and in some gas-discharge lasers. For example, in gas
lasers dissociative excitation can significantly affect the efficiency of
the laser. Although the spectroscopy of the oxygen molecule has been studied
extensively,1 there have been only a few experimental measurements of cross
sections for electronic excitation by electron impact. Lawrence? and Mumma
and Zipf3 have measured electron-impact cross sections for dissociation
through excited electronic states which are higher than 15 eV above the
ground state. Linder and Schmidt® have measured integral cross sections
for spin-forbidden transitions to bound vibrational states and Trajmar et.
al.356  have measured differential and integral <cross sections for
spin-forbidden transitions to bound vibrational states. More recently,
Wakiya7 has measured differential and integral cross sgsections for the X-to-B
and some spin-forbidden transitions and there has been one calculation by
Chung and Lin8 of the cross section for dissociation through the B state
of 0j. In the present paper we are interested in optically allowed
transitions to bound vibrational states and to dissociative states of
low-lying electronic states which are accessible in collisions with low-energy
electrons that are present in gas-discharge lasers.

The sulfur molecule is a possible candidate for a gas laser? and has
been extensively studied spectroscopically,lo but little 1is known about
its cross sections for electron-impact excitation and dissociation. Because
the 02 and Sy molecules are isoelectronic, it is interesting to compare

the analogous electron-impact cross sections of these systems.
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The impact parameter method is used to calculate integral cross sections
for electronic excitation and dissociation of 02 and S5 by electron impact.
For both molecules, excitations to bound and dissociative states are
considered for transitions from the ground electronic state (x3z;) to the
two lowest states of 38; symmetry (labeled B and E for O; and B and 2 for
S2) and the lowest state of 3Hu symmetry. The dependence of the cross
sections upon initial vibrational and rotational state is studied for low
collision energies (threshold to 25 eV). For some transitions a change in
initial vibrational state can have a significant effect upon the cross
sections, but, in general, the effect of changing the initial rotational

state is small.
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Electronic excitation and dissociation of 02 and S2 by electron impact

Bruce C. Garrett, Lynn T. Redmon,

C. W. McCurdy* and Michael J. Redmon

Chemical Dynamics Corporation
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Columbus, Ohio 43220
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Figure C-3b
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Figure Captions

Potential energy curves for the X and B states of O; and the transition
dipole moment for the X-to-B transition. The two solid curves are the
accurate fits to the X- and B-state potentials from Ref. 10. The short
dashed curve is a model potential for the B state which has no avoided
crossing. The long-dashed curve is the fit to the ab initio transition
dipole moment of Ref. 9. (An atomic unit of dipole moment is equal to
2.54177 Debye.)

Continuum oscillator strength per unit energy as a function of transition
energy for the X-to-B transition in 0;. The solid and long-dashed curves
are obtained using the accurate B-state potential and the short-dashed
curve uses the model B-state potential. The solid and long-dashed curves
are evaluated by accurate numerical integration over R of the initial
and final wavefunctions and transition dipole moment, whereas the
long~dashed curves employs the Franck-Condon approximation using the
trangition dipole moment at the X-state equilibrium geometry.

Continuum wavefunctions for the B state of 0y at three transition energies:
a) 8.9 eV, b) 9.04 eV, and c) 9.14 eV. Also shown in each part is
the B-state potential curve and the ground-state vibrational wavefunction
for the X state. The amplitudes of the wavefunctions are arbitrary and
the amplitude of the continuum wavefunctions have been sealed by a factor
of 0.08 relative to the vibrational wavefunction.

Continuum oscillator strength per unit energy as a function of transitin
energy for the X-to-B transition in 0. The solid curve 1is the
experimental data of Huebner et. al. (Ref. 3) and the two dashed curves

are computed for rotational temperature of 300 and 1000 K.
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1.376-2.646 ; were taken from Ref. 26 and the points in the range 0.995-1.312
X were taken from Buenker and Peyerimhoff.27:28 The ab initio points were
shifted to match the experimental asymptote and to fit smoothly from 1.312
to 1.376 Z.

For the E state, the data points of Ref. 26 were used in the range from

© o
0.953 A to 3.175 A and the results of Saxon and Liu23 were used from 3.440

o
to 5.292 A. The ab initio points were sghifted to match the experimental
asymptote at 10.584 A and to match each other at 3.175 A

All three excited state curves exhibit either a shoulder or a local well
in the potential energy curves between 1.111 and 1.164 ;. These features
are the result of avoided crossings, where the electronic wavefunction changes
character. For example, the B state wavefunction changes from a state of
Rydberg character to the left of the shoulder to one of valence character
to the right of the shoulder.

The transition dipole moments used in the cross section calculations
are plotted in Fig. 2. These are all fits to the ab initio results of Ref.

26, which are similar to those of Ref. 28. For the X to B and X to 3H

u
o
transitions, the ab initio data was available from 0.953 to 2.646 A; for the
o
X to E transition the ab initio data was available from 1.111 to 2.249 A. The
dipole transition moment changes rapidly with increasing internuclear distance

in the region of the avoided crossing. This type of behavior is not unexpect-

ed since the electronic wavefunction changes character rapidly in this region.

The S; molecule is 1isoelectronic to Oy, so the same transitions were
considered: from the ground electronic state x3z; to the two lowest states
3 -
of L, symmetry (B and 2) and the lowest state of 3ﬂu symmetry (B"). The

potential curves for these states are illustrated in Fig. 3.

113

ST PR PP P T AR e e




T rT———— e T

For the X state, the RKR data of Brabson and Volkmar29 was used in the
range 1.5870 to 2.5456 Z. The RKR data?? for the B state was used in the
range 1.8093 to 3.0554 Z, and the ab initio results of Ref. 26 were used
in the range 1.640 to 1.799 ;. The ab initio points were shifted to match

32- and B"3H states
u u

an extrapolation of the RKR data at 1.799 X. The 2
used the results of Ref. 26 in the range 1.588 to 3.969 ;. The results
for the 2326 were shifted to reproduce the experimental dissociation energy
asympotically and the B" state results were shifted to reproduce the
experimental dissociation energy at 3.969 Z.

No evidence of avoided crossings in the B and B" states was found in
the region of the potential below 10 eV, but the 232; state exhibits a local
well above the dissociation 1limit much 1like the E state of 03. The
equilibrium geometries of the B and X states of S are more nearly equal

than those of 0y, so the energy of the S, B-state at the X-state equilibrium

2
geometry lies below the B state dissociation limit.

The transition dipole moments used in the cross section calculations
are plotted in Fig. 4. All were fits to the ab initio results of Ref. 26.
For the X to B transitio.., ab initio data was available from 1.693 to 3.969
°

]
A; for the X to B" transition, the data extended from 1.588 to 3.969 A; and,

[]
for the X to 23Zu, transition the data extended from 1.588 to 2.910 A.
B. Minimum impact parameter

In the impact parameter method, a non-zero by is used as the lower limit
in the integration of the transition probability over initial impact parameter

11,13 The minimum impact parameter

to prevent divergence of the cross section.
is determined by requiring that the results of the impact parameter method
agree with those of the Born approximation (BA) at high energies (800

eV in the present application). For comparison of the BA and IP results
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at very high energies the following approximations are made: rotational if
and vibrational states are treated as being degenerate and the Franck-Condon f;;
approximation is assumed to be valid. Within these approximations, the -
cross sections calculated are for purely electronic transitions summed over ;
;; all final vibrational and dissociative states, and the IP method reduces E:
hl ¢ to the method as originally formulated by Hazill. At sufficiently high -
energy the IP cross sections become
SR - - U, b—(’-M (%)
' E|8Eq a ¢l (2E)%

where AEuiu £ is the transition energy between electronic states, E is the
electron translational energy, and faiaf is the electronic oscillator

strength, which is related to the dipole transition moment by

2 i
i _m oo z Mo op (Re| (5) N
ai;o a0 -

The sum is over projections of the initial and final electronic angular momentum
along the body fixed axis, m and e are the mass and charge of the electron, .-
h is Planck's constant, and g; is the degeneracy of the initial electronic
state. In the Franck-Condon approximation Muiaf(R) is assumed to be a slowly
varying function of R and is evaluated at a fixed R value, the equilibrium ..
geometry Ry of the ground electronic state in this case. For a given .

trangition at a fixed translational energy E, fdi“f and AEQin are known

and the rhs of Eq. (4) is equated to the calculated BA cross section and -~
solved to obtain bg. -

The input required for the Born-approximation calculations consists of =
the transition energy AEaiaf, the atomic basis functions, the transformation o

matrix for constructing the molecular orbitals, and the transition density
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matrix. The details of the Born calculations are as described by McCurdy
and McKoy,21 The transition energy is obtained from the fits to the
potential curves and is the vertical transition energy at Ry, and the

electronic structure information is obtained from MCSCF calculations.26

The minimum impact parameters obtained from these calculations are presented

in Table I along with the transition energies AEy q - All bg's were evaluated
o

at E = 800 eV. For Oz, all were evaluated at Ry = 1.207 A and for Sj, values

(-]
of by were evaluated at R, = 1.889 A.

I1I. RESULTS

First, the vibrational dependence of the electron impact cross sections
was examined. In these calculations the rotational 1levels were assumed
to be degenerate and the cross sections for excitation to bound and
dissociative states were calculated from Eqs. (31) and (40) of paper I,
respectively. These equations represent the IPV (bound + bound) and IPVD
(bound + dissociative) extensions to the original IP method.ll The effect

of rotational excitation is discussed in section III.C.

A. 0y

Excitation to the B3£; state of Oy is predominately dissociative. Figures

5 and 6 present the cross sections for excitation to bound states and the
dissociative continuum, respectively. Dissociation is favored for this
state because its potential in the region of the ground state equilibrium

geometry is repulsive and the overlap of the resultant continuum wavefunction
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with the ground-state vibrational wavefunction is better than its overlap
with the bound vibrational energy levels of the excited electronic state.
As the initial vibrational energy is increased, the vibrational wavefunction
L. becomes more diffuse and its overlap with the bound-state wavefunctions

of the excited electronic state improves, causing a large enhancement in
- ¢ this cross section. Near threshold, the dissociative cross sections also
increase with increasing initial vibrational energy, mainly because the
energetic threshold is decreased as vi is increased. However, they gradually
decrease with increasing initial vibrational energy for higher energies.
The IP results for v =0 agree well with those computed by Chung and Lin8
using the Born-Ochkur approximation and with the experiment results'of Wakiya./

The cross sections for dissociation through the lowest 3Hu gtate are
shown in Fig. 7. These cross sections are typically twenty to thirty times
smaller than those for dissociation through the B state, largely because
of the smaller tramsition dipole matrix elements (see Fig. 2.)

The interpretation of the cross sections for excitation to the second
excited 32: state (the E state) is complicated by the local well in the
potential energy curve above the dissociation limit (see Fig. 1). The
potential barrier is 1.5 eV above the local minimum, and the well supports
six quasibound states, which will appear as resonances in the elastic cross
section for collision of two O atoms. We have performed stabilization30
calculations to determine the locations of the quasibound states of this

potential. Because this local well in the E state lies almost directly

above the equilibrium geometry of the X state, there is a large overlap
between the vibrational wavefunctions of the ground state and the quasibound

states. Therefore, most of the transitions from the X state go to these

quasibound states of the E electronic curve, and there will be very little T

direct dissociation. However, disgsociation from these quasibound states
b
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can occur by tunneling. The contribution of these quasibound states to
the dissociation cross section is determined by the competition between
radiative relaxation to the X state and tunneling predissociation.

The radiative lifetimes of these states have been obtained from the
Einstein A factors and are calculated to be on the order of 1010 seconds.
The predissociation tunneling lifetimes can be obtained from the resonance
linewidths, which are, in turn, estimated from the Gamow formula.31 The
predissociation tunneling lifetimes are calculated to range from 0.04 seconds
for the lowest quasibound state to 10-7 seconds for the third quasibound
state. Thus the radiative deexcitation will be the predominant process
for the three lowest quasibound states, and they will not contribute to
the dissociation cross section.

The cross sections for excitation to these quasibound vibrational states
of the E state are presented in Fig. 8. The resonances that occur because
of the three upper quasibound states are much broader (i.e., the linewidths
are larger and the predissociation lifetimes are of the magnitude or shorter
than the radiative lifetime) 80 they should contribute to the dissociation
cross sections. Therefore contributions for final energies above the first
three quasibound states were included in the calculations of the dissociation
cross sections shown in Fig. 9. The experimental cross section of Wakiya7
for excitation to bound electronic states in the energy range 9.7 to 12.1
eV from vy=0 1is also shown. The state or states responsible for the
transition in this energy range is not definitely known, but it has been
suggested that the E state contributes a significant amount to this cross
section. The experimental cross section is about 2.5 times lower than the
IP results. The descrepancies may be the result of a breakdown in the IP
method.

The cross sections for bound-state excitation decrease with increasing

initial vibrational state while the dissociative cross sections are greatly
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enhanced. The dissociative cross sections from the ground vibrational level

are ten to twenty times smaller for the E state than those for the B state,

but for the v =2 state they are only smaller by a factor two.
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B. S,

In Sy the B-state potential curve in the region of the equilibrium geometry
for the X state lies below the dissociation limit of the B state; therefore,
excitation to bound states predominates. The B-state excitation cross
sections are shown in Figs. 10 and 11. The cross sections for transitions .
to bound states are two to three orders of magnitude largerl than the
dissociation cross sections. Unlike the 0Oy X-to-B case, the vibrational
dependence of the bound-state cross sections is very weak and the dissociation
cross sections are greatly enhanced as vj is increased. Again, the smaller
cross sections are caused by poor overlap between the initial vibrational
wavefunction and the final wavefunction for nuclear motion and larger cross
sections result from the wavefunctions for higher initial vibrational quantum
numbers being more diffuse and overlapping better with the final wavefunction.

The cross sections for dissociation through the B" state are shown in
Fig. 12. These cross sections display only a weak dependence upon initial
vibrational state. Compared to the cross sections for the Oy X-to-13Hu
transition, the S; cross sections have a much earlier threshold, rise to
an earlier peak (only 2 eV above threshold), then decrease more rapidly
for higher energies.

Excitation to the 232; state of S9 1is very similar to the excitation

to the E state of 0. The ZBE; state has a local well with its minimum

almost directly above the X state minimum; therefore, most of the
electron-impact excitation to this state is to the nine quasibound levels - 9
of the local well. As for the 0o E state, the contribution of these

quasibound states to the dissociation cross section is determined by the

competition between the predissociation tunneling and radiative deexcitation. ~ 1
The lifetimes for predissociation tunneling range from 1017 ¢ for vg=0 .
]
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to 6x1077 s for v§=5. The radiative lifetimes for these states are all

approximately 5x10~9 seconds; therefore, excitation to the six lowest
quasibound states is considered nondissociative. The cross sections for
excitation to the lowest six quasibound states are presented in Fig. 13
and those for dissociation through the 232; state are shown in Fig. 14. The
dissociative cross sections are more than four orders of magnitude smaller
than the cross sections for excitation to the quasibound states, but they

show relatively greater enhancement with increasing vj.

C. Rotational effects.

The effect upon the excitation cross sections of increasing the initial
rotational state was investigated for excitations from vibrational levels
of the X states of Oy and Sj;. The cross sections for bound-to-bound and
bound-to-continuum transitions were computed from Egs. (29) and (38) of
paper I, respectively. The method treats the diatomic molecule as a symmetric
top, with spin conserved. Thus there are no transitions allowed between
multiplet levels. The effect of changing initial rotational states 1is
expected to be much smaller than the effect of increasing the vibrational
state. Within the IP method, only transitions in which the rotational quantum

number j changes by 1 are allowed. Therefore increasing j; does not change

the transition energy appreciably and the threshold energy for excitation
changes only slightly. The main effect of increasing 3j; 1is to increase
the effective potential by the centrifugal term j(j+1)/2uR2. The increase
in the potential 1is larger for smaller R, so the potential well and the
vibrational wavefunction for a given 1level v; are shifted to larger
internuclear distances and changed 1in shape slightly. However, changing

ji is a small perturbation on the wavefunction compared to changing v;.
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Cross sections have been calculated for initial vibrational state vi=0
as a function of translation energy E and rotational temperature Trot for
all of the dissociative transitions considered. These are shown in Tables
II and III. The cross sections reported in Secs. III.A and III.B, which
assume degeneracy of the rotational states, agree with those computed at
Trot=0 K using Eqs. (29) and (38) of paper I. Further calculations were
performed to: test the rotational dependence of vj=1 and 2 and the same
quantitative trends were observed.

For Oy the dissociation cross sections for the X-B and X-II transitions
show very little dependence upon the rotational temperature. However, for
the X-E transitions the cross sections increase by almost a factor of 2
as the rotational temperature is increased from 0 K to 300 K. This is caused
by the centrifugal potential decreasing the bound nature of the E-state
potential as jf 18 increased and making the effective potential more
repulsive, thereby creating better overlap between the initial and continuum
wavefunctions. Since the X-to-E transition contributes very little to the
total v;=0 dissociative cross section no rotational enhancement will be
seen, but for vj{=2 the X-to-E transition contributes 307% to 40% to the
total dissociation cross section and a slight enhancement will be seen.

The rotational effects are very similar for S;, the cross sections for
both the X-B and X-N dissociative transitions show very little dependence
upon rotational temperature but the cross section for the X-to-E dissociative
transition shows a large enhancement. For S; the X-to-2 dissociative cross
sections are much smaller than those for the X-to-ll transitions for v;=0-4;
however, a large rotational enhancement will be seen for the total dissociation
cross sections for these v (ranging from a factor of 2 to a factor of 8 for

v4=0 and Vvy=4) as the rotational temperature is increased from 0 K to 1000 K.
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D. Discussion

In the IP method it is assumed that the contributions from large impact
parameters dominate the cross section. The minimum impact parameter excludes
small b where the transition probabilities have unphysical divergent behavior.
The extremely small value of by for the X-to-B" transition in Sj, therefore,
reduces the confidence in the reliability of the IP method for this tramsition
at low to intermediate energies.

To estimate the possible contributions to the cross section from small
impact parameters, an alternative treatment of the small b region was tested.
Instead of assuming the contribution from this region is negligible, the
contribution is assumed to be a constant for this range of impact parameters

and the cross section is approximated by

s(g) = 8;; + 2n [ ab b PP (b,E) (6)
bo
where
1P 2 -
S = Tbo Plbg:E) (1)

We adjusted bo to make aIP(E) agree with the BA cross section at 800 eV.

A measure of the importance of the region between b=0 and b0 is then given
by the ratio of 5;5 to BIP. The ratio of 8;5 to oIP gives an estimate of

the error in OIP(E) due to the treatment of small impact parameter

contributions to the cross section. The value obtained for b0 was generally

less than a factor of two larger than bo, and the errors were usually less

than 50%.
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A source of quantitative errors in the present description of the X-to-B"
transition in S; is the potential energy curve used for the B" state. The
B" curve of Fig. 3 does have a slight shoulder near 2.5 ; that is not an
artifact of the fitting procedure, but previous experimenta132'33 and
theoretical3® evidence indicates that the B state should be slightly bound.
Previous (although not definitive) ab initio calculations34 have obtained
a8 minimum in this curve near 2.2 ; at an energy only 0.5 eV below the
dissociation limit. In any event, it is very likely that the accessible
portion of the B" potential (near the equilibrium geometry of the X state)
does lie above the dissociation 1limit (of the B" state) 8o that
electron-impact dissociation will still dominate over excitation to bound
states of the well. The shape of the potential will change, thereby changing
the quantitative values of the dissociation cross section; most notably
the threshold energy should be shifted to lower energies. However, the
qualitative prediction that the B" state will be the major route for
electron-impact dissociation will remain the same.

One further complication that arises in both the 07 and S; systems is
predissociation by nonadiabatic mechanisms. 1In O; the B state is known
to be perturbed by the 13IIu state,35v36 and, similarly, the S, B state 1is
perturbed by the B" state. In both cases the coupling arises from spin-orbit
interactionsl0+33,37,38  The IP method does not account for predissociation
by nonadiabatic mechanisms. For the 0 system, the cross sections for
excitation to bound states of the B state are small and predissociation
will not contribute significantly to the dissociation cross sections. For
S; the cross sections for excitation to the bound states are larger than
the dissociation «cross sections, and predissociation could make a
non-negligible contribution to the observed dissociation cross section.

Nonadiabatic predissociation could also be important in the E3£; state of
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0, and the 2 Zu state of S, since the 13Hu state also crosses these I states.
However, much less is known about these states (compared to the B states)
so it is difficult to estimate the importance of nonadiabatic predissociation

for them.

V. SUMMARY

Electron-impact cross sections have been calculated for excitation to
bound energy levels of excited electronic states and for dissociation through
excited electronic states of 0O, and S; using the impact parameter method.
The cross sections were the most strongly influenced by the magnitude of
the transition dipole moment and the overlap of the initial vibrational
wavefunction with the final wavefunction for nuclear motion. The overall
dissociation cross sections were often sensitive to the initial vibrational
state, but they were nearly independent of the temperature characterizing
the thermal distribution of initial rotation states. The major route for
electron-impact dissociation of the O; ground state at intermediate
translational energies (i.e., 5 to 20 eV above threshold) via dipole-allowed
transitions is through the 832; state. The X-to-B dissociation cross sections
are only weakly dependent upon the initial vibrational state. Although
the cross section for the X-to-aﬂu transition does show significant
enhancement with increasing vj, its contribution to dissociation is small;
therefore, the total dissociation cross sections show 1little dependence
upon initial vibrational state.

The major dipole-allowed contribution to the «cross section for
electron-impact dissociation of the S, ground vibrational level of the X

2

3
state comes from transitions to the B" nu state. The B'"-state cross sections
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e only slightly enhanced with increasing vy, but the cross sections for
ssociation through the 332; state increase significantly and for v;=2
e similar in magnitude to the X-to~B" dissociation cross sections.
erefore, for 82, the IP methods predict considerable vibrational enhancement

the overall dissociation cross section.
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are larger at high energy avre for vy = 0 and 1, respectively. The

long-dashed curve is for vy = 2 and the other solid and short-dashed
curves are for vy = 3 and 4, respectively.

- Cross sections oziaf(E) in units of cm? versus electron translational
energy E for electron-impact dissociation from the ground electronic
state of S; through the B state from initial vibrational states vy
= 0-4. The cross sections are monotonically increasing functions of
vy at all energies.

Cross sections o:iaf (E) multiplied by a factor of 1017 in units of
cm? versus electron translational energy E for electron-impact
dissociation from the ground electronic state of S, through the B"
state from initial vibrational states vy = 0-4 The solid and
short-dashed curves which have the highest threshold energy and one
smaller at high energy are for vy = 0 and 1, respectively. The
long-dashed curve is for vij = 2 and the other solid and short-dashed
curves are for vy = 3 and 4, respectively.

Cross sections o::af (E) multiplied by a factor of 1017 in units of
cm? versus electron translational energy E for electron-impact excitation

from the ground electronic state of S, to quasibound vibrational states

2
of the 232; state from initial vibrational states vy = 0-4.

Cross sections o:iuf (E) in units of cm® versus electron translational
energy E for electron-impact dissociation from the ground electronic
state of S, through 232; state from initial vibrational states v; =
0-4. The cross sections are monotonically increasing functions of
vy at all energies. The solid curve which is smaller at high energy
is for vy = 0. The short-dashed curve which is larger at high energy

is for v; = 1. The long-dashed curve is for vy = 2 and the other solid

and short-dashed curves are for vjy = 3 and 4, respectively.
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vibrational states v; = 0, 1, and 2, respectively. The dots are the
Born-Ochkur results of Chung and Lin (Ref. 8) and correspond to v{=0.

The plus sign is Wakiya's experimental cross section for dissociation

- from the v;=0 state (Ref. 7).

Cross sections ogiaf (E) multiplied by a factor of 1017 in units of
cm?2  versus electron translational energy E for electron-impact
aissociation from the ground electronic state of 0 through the 1311u
state. The solid, short-dashed, and long-dashed curves are for initial
vibrational states v, = 0, 1, and 2, respectively.

Cross sections ogiaf (E) multiplied by a factor of 1017 in units of
cm? versus electron translational energy E for electron-impact excitation
from the ground electronic state of 0y to quasibound vibrational states
of the E state. The solid, short-dashed, and long-dashed curves are
for initial vibrational states vy = 0, 1, and 2, respectively. The
plus sign 1is Wakiya's experimental cross section for excitation to
bound electronic states in the energy region 9.7 to 12.1 eV (Ref. 7).
It 1is believed to be dominated by optically allowed transitions,
especially to the E 32; state (see Ref. 7).

Cross sections ciiaf (E) in units of cm? versus electron translational
energy E for electron-impact dissociation from the ground electronic
state of 0; through the E state. The solid, short-dashed, and
long-dashed curves are for initial vibrational states vy = 0, 1, and
2, respectively.

Cross sectiouns °3iaf (E) multiplied by a factor of 1017 in units of

sz

versus electron translational energy E for electron-impact excitation
from the ground electronic satate of S to bound vibrational states
of the B state from initial vibrational states vy = 0-4. The solid

and short-dashed curves which have the highest threshold energy and
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FIGURE CAPTIONS

1. Potential energy curves for selected electronic states of 0. The
- fits of the curves are described in section II.A.l.

2. Dipole transition moments in atomic units as a function of internuclear
distance R for transitions from the X3Z; state of 0y to the B3Z; state
(solid line), to the E32; state (long-dashed 1line), and to the 13nu
state (short-dashed line). The curves are interpolations of ab initio
data as described in section II.A.l1. (An atomic unit of dipole moment
is equal to 2.54177 Debye.)

3. Potential energy curves for selected electronic states of SZ' The
fits of the curves are described in section II.A.2. The zero of energy
is the minimum of the ground electronic state.

4. Dipole transition moments in atomic units as a function of internuclear

distance R for transitions from the x3z; state of S, to the B3£; state

2
(solid line), to the 238; state (long-dashed line), and to the B“3nu
state (short-dashed line). The curves are interpolations of ab initio
data as described in section II.A.2. (An atomic unit of dipole moment
is equal to 2.54177 Debye.)

5. Cross sections o:iaf(E) in units of sz versus electron translational

energy E for electron-impact excitation from the ground electronic

state of 0y to bound vibrational states of the B state. The solid,

short-dashed, and long-dashed curves are for initial vibrational states

vi = 0, 1, and 2, respectively. .
ajof 17 :

6. Cross sections o (E) multiplied by a factor of 10 in unite of Tl
cm2 versus electron translational energy E for electron-impact T
dissociation from the ground electronic state of 0y through the B state. 'f:

X

The solid, short-dashed, and long-dashed curves are for initial }}:
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TABLE D-III. Cross sections for dissociation of S; by electron impact for v;=0

300 600 1000
X+B
6 2.11(-20) 2.07(-20) 2.07(-20) 2.07(-20)
10 2.82(-20) 2.83(-20) 2.83(-20) 2.85(-20)
15 3.02(-20) 3.03(-20) 3.03(-20) 3.05(-20)
20 2.82(-20) 2.82(~20) 2.82(-20) 2.84(-20)
X+
. 6 2.33(-18) 3.26(~18) 3.38(-18) 3.42(-18)
' 10 1.69(-17) 1.69(-17) 1.70(-17) 1.70(-17)
15 1.14(-17) 1.14(~17) 1.14(-17) 1.14(-17)
20 8.58(-18) 8.63(~18) 8.63(-18) 8.64(-18)
o
4
o Y
. S
§ o3
: ‘.j--i
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TABLE D-1I.Cross sections for dissociation of 09 by electron impact for v;=0.

E(eV)  Tror = O 300 600 1000
X-B

10 5.7(-17)a 5.7(-17) 5.7(-17) 5.8(-17)

15 7.4(-17) 7.5(-17) 7.5(-17) 7.5(-17)

20 8.2(-17) 8.3(-17) 8.3(~17) 8.3(-17)
X-N

12 6.2(-19) 6.4(~19) 6.4(~19) 6.4(-19)

15 7.4(-19) 7.6(-19) 7.7(~19) 7.7(-19)

20 7.2(-19) 7.4(-19) 7.4(~19) 7.5(-19)
X-E

12 3.9(-19) 7.9(-19) 8.3(-19) 8.4(-19)

15 8.1(-19) 1.4(-18) 1.4(-18) 1.4(-18)

20 8.0(-19) 1.3(-18) 1.4(-18) 1.4(-18)

4 Numbers in parentheses are powers of 10.
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TABLE D-I.
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Transition

X BT
u
X »E’L
u

X =+ 171
u

X »B’L
u
X + 2718
u

X +>B" 1
u

bg (Z)

02

0.921
0.138

0.247

S2

0.974
2.424

2.28 x 10°16
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APPENDIX E

Electron-impact dissociation of HC{

by
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The HCL molecule plays an important role in laser plasma systems such
as the XeCl laser. Dissociation of HCL can have a significant impact on
the efficiency of the 1laser. Stevens and Kraussl concluded that
photodissociation by UV radiation should not be an important process for
this system; however, to date no consideration has been given to the direct
dissociation of HCL. by 1low-energy electron impaast. In this note we report
calculations of cross sections for electron-impact dissociation of HCR.

The photodissociation of HCL by UV radiation is dominated by the
transition to the AlN state. The A state of HCL is the lowest energy state
that is accessible from the ground electronic state by an optical tramsition.
This state 1is unbound and the transition from the ground electronic state

to it has a large oscillator strength. As evidence of these facts continuous

absorption for this transition has been observed experimentally.2

Compared to photodissociation, electron-impact dissociation 1is more
complicated because of the possibility of exchange between the incident By
electron and electrons in the molecule. Even so, electron-impact dissociation - q
of HCf will be dominated by optically allowed transitions for electron ' f?;
collisions at sufficiently high energies, for which coulombic repulsive i?%
interactions dominate over exchange interactions. At extremely low threshold ) ~,E
energies, exchange 1interactions become more important and spin-forbidden f}ﬁ
transitions to triplet states can become an important route for dissociation

of HCL. However, for the low-energy collisions characteristic of the gas-laser
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system, electron-impact dissociation of HCL will proceed mainly through the
A state.

The presence of vibrationally excited states of HC%, under the conditions
of the gas laser, has been indicated by both experiment3 and kinetic models
of the laser plasma.“ Therefore, it is important to assess the effect of
vibrational excitation of the HCRL molecule ubon the dissociation cross
sections.

The impact parameter method for diatomic moleculesd:® is designed to
treat optically allowed transitions. When extended to treat dissociation
and to include the effects of vibrational and rotational excit:at:ion,7’8 it
is well suited for these studies. A detailed description of the method and
our computational procedures are presented in detail elsevhere.’>8

As 1input to the calculations we use RKR data for the potential energy
curve for the X!rt state.? The potential energy curve for the Aln state
and dipole transition moment for the X to A transition are taken from the
ab initio calculations of Stevens and Krauss.l These data are shown in Fig.
1. Also needed as input to the calculations is the minimum impact parameter
bg. We computed electronic wavefunctions and the components of the transition
density matrix for the X and A states at the equilibrium geometry of the
X state, to be used in Born-approximation calculations. A value of the minimum
impact parameter of bg = 2.784 ag was obtained by requiring the original
impact parameter method of Hazi® to match the Born-approximation calculations
at a translational energy of 800 eV. The structure calculations employed
a basis set of 46 functions including those appropriate for ionic and Rydberg
states. The configuration spaces for the MCSCF calculations consisted of
67 and 57 terms for the X and A states, respectively. The dipole transition

moment was also calculated, using the A state optimized orbitals, and the
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tlue obtained (0.28507 a.u.) agreed well with the value of Stevens and Krauss.
As a test of the accuracy of the potential energy curve for the A state,
: compare calculated oscillator strengths per wunit energy (df/dE) with
tperiment. Experimentally, continuous absorption is observed to begin at
000 cm™! and to reach a maximum at 65500 cm~l. Our calculated df/dE peaks
approximately 73000 em™l. If a threshold value for df/dE is defined as
hundredth of the maximum value, the threshold energy is approximately 51000
"1, The shift (above the experimental values) of both the threshold energy
1d the energy at which the absorption is peaked indicates that the A-state
rtential we are using is probably too repulsive. The effect of this on
e dissociation cross section is a shift to higher energy, but the magnitudes
[ the cross sections should be essentially correct.
The cross sections for dissociation of HCZ through the A state are shown
1 Fig. 2 for v;= 0, 1, and 2. As vj is increased, the threshold is moved
> lower energies and there is an enhancement in the cross sections. Figure
shows the dependence of the cross section upon initial rotational state.
'e cross sections in Fig. 2 correspond to transitions from the ground
>tational state. In Fig. 3 we present cross sections averaged over Boltzmann
istributions of rotational states characterized by temperatures of 0, 300,
JO, and 1000 K. These cross sections are a monotonically decreasing function
3 Trct; as Trot is increased from 0 to 300 K the cross sections decrease
7 about a factor of 2 but further increases in Trot decrease the cross
:ctions by less than 57%. Since these cross sections are approximately an
rder of magnitude larger than the cross section for photodissociation
i1lculated by Stevens and Krauss, electron-impact dissociation will play

more significant role in laser system containing HCX.
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Potential energy curves (solid lines) for the X and B states and (dashed

" lines) A and C states of HgBr.

Dipole matrix elements for the X-B transition (solid curve), and X-A
and X-C transitions (dashed curves) 1in HgBr. The curves are fits to
the data of Wadt (see text).

Cross sections multiplied by a factor of 1016 in units of cm? versus
electron translational energy for electron impact dissociation of HgBr
through the A state. The solid and dashed curves are for initial
vibrational states v; = 0 and 4, respectively.

Cross sections multiplied by a factor of 1016 in units of cm?

versus
electron translational energy for electron-impact dissociation through
the A state of the vj = 4 vibrational state of the X state of HgBr. The
solid and dashed curves are for rotational temperatures of 0 and 1000
K, respectively.

2 versus

Cross sections multiplied by a factor of 1016 in units of cm
electron translational energy for electron impact excitation of the B
state of HgBr. The solid and dashed curves are for initial vibrational
states v; = 0 and 10, respectively.

Cross sections multiplied by a factor of 1016 in units of cm?

versus
electron translational energy for electron impact excitation of the C

state of HgBr. The solid and dashed curves are for initial viktrational

states vy = 0 and 10, respectively.
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excitation of the B state for initial vibrational levels vj = 0 and 10. There
is at most a 40% enhancement for vj = 10 over vj = 0.

In Fig. 6 bound excitation cross sections are shown for the X-C transition,
again for vj = 0 and 10. The enhancement near threshold is caused by the
different rate of change with energy of the structural factor (influenced

by Franck-Condon factors) and the dynamical factor.’
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and 5.3 Z, and by extrapolation outside of this range.8 The dipole matrix
elements are shown in Fig. 2. These are &4-point Lagrange interpolations of
Wadt's data.

The A state is totally repulsive and is expected to be a major contrib-
utor to the overall HgBr(X) dissociation cross section. In Fig. 3 we present
cross sections for dissociation through the A state from threshold to 25 eV
for initial vibrational states vj equal to O and 4. The cross section rises
rapidly to a value near 1.5x10°16 em2 at 2.0 eV and subsequently falls off
smoothly with increasing energy. There is only a small effect on the magnitude
of the cross section caused by varying initial vibrational energy, although
there 1is some enhancement predicted by the impact parameter model near
threshold.

In Fig. 4 the effect of initial rotational temperature 1is presented. The
rotational effect was examined for initial vibrational states from vj; = 0
to 4. The same quantitative trends were observed for all v; and we report
only those for vj; = 4. The decrease of a factor of two observed in going
from T oy = 0 to 1000 K is somewhat of an anomaly compared to what we have
seen in other systems’"9 and results from the fact that, for Tyox = 0, only
ji = 0 contributes to the cross section, while for T 5?0, other angular mo-
mentum states contribute.’ The contributions from various angular momentum
components are weighted by different symmetry factors (for I to I transitions
only) which results in a low temperature enhancement of the cross section.

For the X-B and X-C transitions from initial vibrational states 0 to 4
the dissociation cross sections are extremely small, being less than 10-28
cm? for the X-B transition. This is reflected in the fact that the sum of
Franck-Condon factors for transitions to bound vibrational levels of the B
and C states is unity to within the accuracy of the calculations (approximately

six significant figures). In Fig. 5 we present cross sections for bound
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formulation is presently restricted to optically-allowed transitions. However,
vibrational and rotational degrees of freedom can be treated explicitly.7

The impact-parameter method requires as input potential energy curves
and "dipole transition matrix elements. In addition, a value for the lower
bound of an integral over the impact parameter (the minimum impact parameter
bg) is required.6 This is obtained by requiring the impact-parameter cross
section to equal the cross section obtained from the Born approximation10
at high energies. For the Born calculation we require the one-electron density
matrix from the electronic structure calculation.

For HgBr we used the potential curves and dipole matrix elements from
the ab initio calculations of Wadt.!l These calculations employed relativistic
pseudopotentials12 within the configuration interaction (CI) method, and includ-
ed spin-orbit effects through a se?iempirical scheme. The basis set was of
double~-zeta plus polarization quality. To obtain the one-electron density
matrices required by the Born approximation calculation (to fix bgp) we performed
multiconfiguration self-consistent-field (MCSCF) <calculations using Wadt's
basis set and pseudopotential parameters. The one-electron integrals were
obtained with the new integral package of Pitzer.l3 MCSCF calculations were
performed for all four states at the experimental equilibrium geometry of
the X state using various configuration spaces having from one to 264 terms.
We had difficulty obtaining a single set of orbitals that described the ground
and excited states equally well, 80 we chose the set that best reproduced
the transition dipole matrix elements of Wadtll for these transitions. This
set was used to determine the density matrices for the Born calculation. The
computed minimum impact parameters for the X-to-A, X-to-B, and X-tou-C transi-
tions were 0.64 ap, 2.1 ag, and 1.9 ag, respectively.

The potential energy curves used in the calculations are shown in Fig.

1. They are represented by spline interpolation of Wadt's data between 2.1
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Electron impact dissociation of HgBr is investigated using
a modified impact-parameter method. Cross sections are
calculated for dissociation through the B(2rt), A(2nt)
and C(2r+) states. The X-A transition is found to dominate
the dissociation process. There is only a small enhancement
of the cross section due to molecular vibrational energy,
and no rotational enhancement. Cross sections are also
presented for nondissociative excitation.

The mercury bromide {(B-->X) electronic dissociation laser has recently
received considerable attention because of its high efficiency, scalability,
and blue/green wavelength (502 nm).1 The B state of HgBr can be obtained
from HgBrp, by photodissociation,2 by discharge techniques,3 or by electron
beam pumping.l’ A recent review of the properties of e-beam controlled HgBr
discharges is provided by Nighan, along with extensive references.” In this
report we are concerned with electron impact excitation and dissociation proc-
esses for the X to B{2:%), A(2nt) and c(2:%) states of HgBr because of their
possible importance to closed-flow, repetitive-pulse HgBr laser kinetics.

We have applied a modified impact-parameter method®s7 that is well suited
for the calculation of post-threshold electron impact cross sections in diatomic

molecules. The method has previously been applied to the study of electronic

excitation and dissociation processes in 0, and 82,8 and in HC1.9 In this
method, the cross section is expressed as the product of an electronic structure

factor and a dynamical factor. The former is obtained from an ab initio elec-
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APPENDIX F

Electronic Excitation and Dissocfation of HgBr by Electron Impact

by

Michael J. Redmon, Bruce C. Garrett, and Lynn T. Redmon

Chemical Dynamics Corporation
1550 West Henderson Road
Columbus, Ohio 43220
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Figure Captions
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Potential energy curves (solid lines) for the X and A states of HCL and
the dipole transition moment (dashed line, in atomic units) for the
X to A transition.

Cross sections multiplied by a factor of 1018 in units of cm? versus
electron translational energy for electron-impact dissociation of HC&
through the A state. The solid, short-dashed, and long-dashed curves
are for initial vibrational states vy = 0, 1, and 2, respectively.

Cross sections multiplied by a factor of 1018 in units of cm? versus
electron translational energy for electron-impact dissociation of HCR
through the A state. The highest solid curve is for a rotational
temperature of 0 K, the next solid curves, short-dashed and long dashed
curves are for 300, 600, and 1000 K respectively. All cross sections

are for v;=0.
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APPENDIX G

Program Flowcharts

Impact Parameter Method

172 LY




g LRl A Shh Rath Al Il - Jan me mni Sl A AL il S

Program IP

Description: Compute cross sections for electronic excitation of diatomic
molecules by electron impact using the iImpact parameter method of Hazi.
Vibrations and rotations are treated as being degenerate and the fixed-nuclei -
approximation and Franck-Condon approximations are used. Cross sections
correspond to those summed over final rovibrational states.

:.:::..

2
Sie=[Mjgl™ /384
=F,~dE

)

E=E+dE <

v

Compute D;¢(E]

9if *
Sif Dif (E)

Qutput E,
Oif(E)

E<Epax’ Yes
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Program IPV

Description: Compute cross sections for electronic excitation of diatomic
molecules to bound vibrational states by electron impact using the impact
parameter method . Vibrations are treated explicitly within the
fixed-nuclei approximation and rotations are treated as being degenerate,
Cross sections are summed over final vibrational states, dissociative states
are excluded.

Flowchart:

‘ Start j

Input from
Data file

Obtain €3,
Xi(R)

Obtain.ef, Sif

Compute o ¢(E)

‘ End
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Program IPV (INPUT from data file)

Flowchart:

INPUT from
data file:
restart

option

Yes

Restart?

INPUT from
data file:
reduced

mass, inte-
gration

parameters,
vi, and
Mif(R)

\Y%

OUTPUT to
restart filey
reduced mass
integration
arameters
vi, and M; (R

INPUT from
data file:

VAN

—— T RO R ——

INPUT from restart
file: reduced mass,
integration para-
meters,v;, andMj {(R)

v?ax’ E,dE,

Emax ? bO
INITIALIZE

potential and
constants

‘III} 175

B L. - St . e e e e
PRI TSSO -SRIy L T S M Ny WS LT IO S B Yl GO P I




—— m caan m o P - And Sedt Al o A RAAr L Al R S AL A A e

Program IPV (Obtain i, xj(R))

i

Flowchart:

<

Restart
No l

v

Compute €j
using Cooley's
algorithm

:

<{/////\\\\\\\ veu
. Error

No

Compute xi(R)
using Numerov
integrator

v

OUTPUT to
restart file:
ei» Xi(R)

Yes

INPUT from
restart file;
is xi(R)

v
e

ERR

OUTPUT
error
message

\\\gi\i?F?

No

ouT

.......
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Program IPV (Obtain €f, Sjf)
Flowchart:
ve=-1
X
Restart
No
\
N
No V§ No
< ymax 7 <j >
Yes Yes
V
ve=vgtl ve=vgtl J
Compute €¢
i Coole
using LOOLey INPUT from
algirithm
restart file:
€y Sif
Error ? No EOF
\ or ERR ?
Yes Yes .
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v v

ve=vg-1 Compute Xg(R)
using Numerov ] ve=vg-l

integrator

v

SPRIThe

Simpson's
rule integr-
ation

v

OUTPUT to
restart:

€f,54f
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Program IPV (Compute o;¢(E))

Flowchart:

() -

VL

- dE

DleE = E + dE

<—

oif(E) =0

4___

|
—
t

\)f-'

Yes

\V/
V§ = Vg + 1

l

Y
Compute
D; ¢(E) -
0if(E) = 05¢(E) e
+S;¢ Dy¢(E) ]
1
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ram IPVR

ription: Compute cross sections for electronic excitation of diatomic
:ules to bound vibrational states by electron impact using the impact
neter method of Hazi. Vibrations and rotations are treated explicitly

in the fixed-nuclei approximation. Cross sections are summed over final
srational states, dissociative states are excluded.

cthart:

INPUT data

Restart data

Compute €4,
€fy dif,
Sif

Compute o ¢(E)
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Program IPVR (INPUT data)

Flowchart:

INPUT from
data file:

Restart? Yes

ey

L aant Snd g s benit amin i SENRSFIR A S SO DA I

No

INPUT from
data file:
reduced

mass, in-
tegration
parameters,
Vis v?ax,

and M ¢(R)

QUTPUT to
restart file
reduced mass

integration
nrameterq,
Vi
and ”1f(R)

INPUT from restart file:

reduced mass, integra-
tion parameters, Vi,
v?ax’ and Mj¢(R)

INPUT from
data file:
v?ax, T,dT,
Tmax'%’dﬁ’
maxy .
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1
INITIALIZE
potential
and
constants
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j Program IPVR (Restart) '
;
2 Flowchart: ::

® :

ji’io‘;]_@" ;o r.i-
® lvg=-1, {EST= -
3 .F.,LWRITl= -
.T.,LWRIT2=T ;

1END=1 -

Yes

Restar7

ax No

:" No ':
-
p -
- ljg=0 J :::
‘ e

:.:: Yes _
! d(j;)=0 ? -
- E

Z::: . Input from 2
N restart X
- file: €4 :

S .

:fi |

: \V/ :

oo eiieiee oL EOF or ERR. ‘

- ? -
2 :
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i = joi -1
i =
\’fjf' 0

LWRIT1 = .T.

EOF

Yes

IEND =
IEND + 1

No

v

LTEST = .F.
LWRITI = .F.

o =0

[RRY AL S o
s 4% Ty
U At

-
-
.
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Yes

s
»
»* o

No

Yes_

No
V,

Input from
restart
file: dij
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Yes
EOF or ERR .
PR

LWRIT2 = .T.
. v jg = 35 -1
. - -
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LWRIT2 = .F. vf
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Yes
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Input from
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